University of Wollongong

Research Online
University of Wollongong Thesis Collection

University of Wollongong Thesis Collections

2013

The influence of sex and skill level on patellar
tendon loading during landing
Ina Janssen
University of Wollongong

Recommended Citation
Janssen, Ina, The influence of sex and skill level on patellar tendon loading during landing, Doctor of Philosophy thesis, School of
Health Sciences, University of Wollongong, 2013. http://ro.uow.edu.au/theses/4257

Research Online is the open access institutional repository for the
University of Wollongong. For further information contact the UOW
Library: research-pubs@uow.edu.au

The influence of sex and skill level on patellar tendon loading
during landing

A thesis submitted in fulfilment of the
requirements for the award of the degree

Doctor of Philosophy

from

University of Wollongong

by

Ina Janssen
BSc (Sports Med), MHS (Hons) (Ex & Sp Sc)

School of Health Sciences
2013

Introduction

Dedication

‘Education is what remains after one has forgotten everything he learned in school.’
Albert Einstein

To my parents.

This thesis is dedicated to my parents, Leo and Cecile Janssen-Gruwier. I will never be
able to thank you enough for the life education and experiences you have given me.
This thesis is a result of these opportunities.

ii

Introduction

Thesis Certification

I, Ina Janssen, declare that this thesis “The influence of sex and skill level on patellar
tendon loading during landing”, submitted in fulfilment of the requirements for the
award of Doctor of Philosophy, in the School of Health Sciences, University of
Wollongong, is wholly my own work unless otherwise referenced or acknowledged in
this thesis. This thesis has not been submitted for qualifications at any other academic
institution.

Ina Janssen
12 December 2013

iii

Introduction

Publications
This thesis includes chapters that have been written as the following journal articles:
Chapter 2:

Janssen I, Steele JR, Munro BJ, et al. Predicting the patellar tendon force
generated when landing from a jump. Medicine and Science in Sports and
Exercise 2013;45:927-34.

Chapter 3:

Janssen I, Brown NAT, Munro BJ, et al. Variations in jump height explain
the between-sex difference in patellar tendon loading during landing.
Scandinavian Journal of Medicine and Science in Sports 2014; doi:
10.1111/sms.12172.

Chapter 4:

Janssen I, Steele JR, Munro BJ, et al. Sex differences in neuromuscular
recruitment are not related to patellar tendon load. Medicine and Science
in Sports and Exercise 2014;46:1410-1416.

Chapter 5:

Janssen I, Steele JR, Munro BJ, et al. Previously identified patellar
tendinopathy risk factors differ between elite and sub-elite volleyball
players. Scandinavian Journal of Medicine and Science in Sports 2014;
doi: 10.1111/sms.12206.

As the primary supervisor, I, Professor Julie Steele, declare that the greater part of the
work in each manuscript listed above is attributable to the candidate, Ina Janssen. In
each of the above manuscripts, Ina contributed to study design, was solely responsible
for data collection and data analysis, and was largely responsible for data interpretation.
The initial draft of each manuscript was written by Ina, who was then responsible for
responding to the editorial suggestions of her co-authors. The co-authors, Julie Steele,
Bridget Munro, and Nicholas Brown, assisted in study design, data interpretation, and
manuscript editing. Ina has been responsible for ensuring each manuscript is suitable to
be submitted for publication to the relevant journals, and has primarily been responsible
for responding to reviewer’s comments, with assistance from her co-authors.

Ina Janssen
Candidate
12 December 2013

Prof Julie R Steele
Primary Supervisor
12 December 2013

iv

Introduction

Acknowledgements
‘No one – not rock stars, not professional athletes, not software billionaires,
and not even geniuses – ever makes it alone.’
Malcolm Gladwell, Outliers
I would like to thank several people who contributed to my success in
completing this thesis.
Firstly I would like to thank my three supervisors - Professor Julie Steele, Dr
Bridget Munro, and Dr Nick Brown - who all played a different, but equally important,
role in the development and completion of this thesis. I realise that I haven’t been the
most conventional student completing this thesis while being based in three different
countries! I know that I had a unique opportunity being able to combine the experience
at the Australian Institute of Sport and the UOW Biomechanics Research Laboratory.
Thank you for your continued support and for challenging me to produce the best work
I can. I am a better scientist (and presenter!) because of all of you.
I will forever be indebted to the Australian volleyball community without whom
this thesis would not have been realised and accomplished. In particular, I would like to
thank Russell Borgeaud, Dan Ilot, Jeremy Sheppard, Flo Gutschlag, and Sue Jenkins for
their guidance and support during this process. I am also so grateful to all of the
volleyball players who volunteered their time and let me shave their legs, rip off hair,
and make them sore! I hope the results of this thesis will help you and the wider
volleyball community prevent jumper’s knee to keep you on the court where you
belong.
I would like to thank the staff (and former PhD students) of the Biomechanics
Department at the Australian Institute of Sport for their assistance with data collection
and moral support. In addition, thanks to my fellow-PhD students from the
Biomechanics Research Laboratory for always making me feel very welcome on my
trips to Wollongong; Catherine Wild (Hutchings), John Whitting, Karen Mickle, Suzi
Edwards, Sheridan Gho, and Diane Harland. I would also like to thank the students
from the University of Canberra, in particular Sara Zanetti, for their assistance with data
collection.
I would like to thank the International Society of Biomechanics and the Sports
Medicine Australia Research Foundation for their support and financial assistance to
conduct this research and distribute the results at conferences.
To my family, this thesis has been a long journey; thank you for your continued
encouragement. Mama en papa – ik zal nooit genoeg dank u kunnen zeggen. Kiks remember to believe in yourself and do what you are passionate about. This thesis is
my product of that belief – now it’s your turn! Jens – yes, I am finally finished!
And finally to Dave – my biggest motivator and supporter. Thank you, I would
not have been able to get through the rough parts and celebrate the achievements
without you by my side. As I put the finishing touches on this thesis with Jackson
asleep on my chest, I realise how special it is to have this little guy in our life. But let’s
hope that he doesn’t want to do a thesis and put us through this again!

v

Introduction

Abstract
BACKGROUND: Repetitive, high patellar tendon loading has been associated with the
development of patellar tendinopathy, the most common overuse knee injury incurred in
sports with a high volume of jumping and landing, such as volleyball. A large patellar
tendinopathy prevalence discrepancy exists between male versus female players and
highly skilled versus skilled players. It is unknown, however, how sex and skill level
influence the patellar tendon load generated during landing. It is possible that male
and/or highly skilled volleyball players utilise a landing technique, or exhibit specific
risk factors, that contribute to high patellar tendon loading, thereby increasing their
susceptibility to developing patellar tendinopathy, although this notion remains
unexplored.
THESIS AIM: The primary purpose of this thesis was to investigate the influence of
sex and skill level on patellar tendon loading generated when volleyball players land
from a sport-specific lateral stop-jump block movement.
METHODS: To achieve the thesis aim, a cohort of 50 male and female volleyball
players of varying skill level underwent assessment of known patellar tendinopathy risk
factors including their anthropometry, training history, lower limb muscle strength and
extensibility, and maximum vertical jump performance. Each participant’s landing
technique was also characterised by assessing their three-dimensional trunk and lower
limb kinematics and kinetics, and the neuromuscular recruitment patterns from six
lower limb muscles. Patellar tendon loading was characterised by peak patellar tendon
force and patellar tendon force loading rate during the landing. Results were analysed
as a series of studies, each designed to systematically contribute to the thesis aim.
RESULTS: The interaction of sex, quadriceps muscle strength, ankle dorsiflexion
velocity, and trunk flexion velocity were able to estimate and predict 52% of the peak
vi
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patellar tendon force and 70% of the patellar tendon force loading rate variance
generated during landing, whereby being male, and having increased quadriceps muscle
strength, increased ankle dorsiflexion velocity and trunk flexion velocity were
associated with higher patellar tendon loading (see Chapter 2). When matched for jump
height, however, there was no significant difference in patellar tendon loading between
the male and female volleyball players (see Chapter 3). Although male and female
players displayed significantly different neuromuscular recruitment patterns, these
patterns were not strongly related to the generated patellar tendon loading (see Chapter
4). Furthermore, although there were no between-skill level differences in landing
technique or patellar tendon loading, highly skilled male volleyball players reported a
higher training volume than the skilled volleyball players (see Chapter 5).
MAJOR CONCLUSIONS: Patellar tendon loading generated when landing from a
lateral stop-jump block movement was not influenced merely by sex, as male volleyball
players generated higher patellar tendon loading as a result of the higher jump height
they attained compared to the female players. However, female players who attain
similar jump heights to their male counterparts may be equally susceptible to
developing patellar tendinopathy as they generated similar patellar tendon loading to the
men. Furthermore, skill level did not influence the magnitude of patellar tendon loading
during landing, suggesting that the discrepancy in patellar tendinopathy prevalence
between the highly skilled and skilled players is due to the high training volume the
highly skilled players are exposed to. Based on these findings, it is recommended that
injury prevention programs aimed at reducing the patellar tendinopathy prevalence in
volleyball players should focus on monitoring each player’s jump height and landing
training volume, especially for highly skilled, male volleyball players who perform
many jumps across frequent training sessions.
vii
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Chapter 1

Chapter 1
The Problem
INTRODUCTION
Patellar tendinopathy is the most common overuse knee injury experienced by
individuals who are involved in repetitive jumping and landing activities (1-3), with
a prevalence of up to 45% in sports such as basketball, handball, and volleyball (36). The symptoms of patellar tendinopathy are characterised by local tenderness
primarily at the inferior pole of the patella, the origin of the patellar tendon (7). An
individual who has experienced the injury may require more than six months of
treatment before being able to return to sport (3). First described in 1973 by Blazina
and colleagues (8), various terms have been used to name this overuse knee injury,
including jumper’s knee, patellar tendinosis, and patellar tendonitis (8). However, as
the injury is characterised by histological degeneration of the patellar tendon fibres,
and not by inflammation of the tendon fibres (9), the operational definition of
patellar tendinopathy will be used to describe this injury for the remainder of this
thesis.
In an attempt to identify variables likely to contribute to patellar tendinopathy
development, researchers have compared the landing technique of individuals with
and without the injury (1, 10-13).

For example, Richards and co-workers (1)

attempted to predict the presence of patellar tendinopathy in highly skilled male
volleyball players, three of whom exhibited pain in their patellar tendon at the time
of testing. Kinetic and kinematic variables characterising landing from a forward
and lateral stop-jump block movement were quantified.
1

A regression analysis

Chapter 1

identified that the presence of patellar tendinopathy could be predicted based on the
maximum knee flexion displayed during landing, whereby players with higher knee
flexion on landing were more at risk of having the injury. In another study (13),
participants with patellar tendinopathy displayed less ankle plantar flexion excursion,
with greater ankle dorsiflexion velocity, when landing from a forward stop-jump
compared to participants without the injury. Furthermore, basketball, soccer, and
volleyball players with an asymptomatic patellar tendinopathy abnormality, a
potential precursor to patellar tendinopathy, were found to display earlier hamstring
muscle onset when landing from a forward stop-jump compared to a control group of
athletes with no patellar tendinopathy abnormality (11).

It remains unknown,

however, whether the landing strategies displayed by these injured athletes
contributed to the development of their patellar tendinopathy, or whether these
participants modified their technique in response to their injury.
In addition to landing technique, several other risk factors have previously
been associated with individuals who develop patellar tendinopathy. These factors
can be broadly categorised as anthropometric (e.g. body mass (14-16) patella alta
(17, 18), and genu valgum (8)), physiological (e.g. muscle extensibility (16, 19, 20),
and muscle strength (14, 21; see Chapter 2), or training factors (e.g. court surface (2)
and training frequency (15, 22)).

Research, however, has presented conflicting

results for some of these risk factors.

For example, although a significant

relationship has been found between individuals with a patella alta and the
development of patellar tendinopathy (18), Lian and colleagues (23) were unable to
establish a relationship between these two variables. Furthermore, a greater leg
length discrepancy was noted in male volleyball players with patellar tendinopathy

2
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(24), although Witvrouw and colleagues (20) did not find a significant difference in
leg length between participants with and without the injury. Other risk factors,
however, have consistently been identified as strong predictors for developing
patellar tendinopathy in a wide variety of sports.

In particular, a significant

association has been found between sex and patellar tendinopathy prevalence (3, 25,
26; see Chapter 3). In fact, patellar tendinopathy prevalence is more than twice as
high in male participants compared to their female counterparts (3, 25, 27). There
has also been a consistent association found between skill level (or playing level
where it is assumed that players who compete at a higher level of representation are
more technically skilful) and patellar tendinopathy.

Highly skilled athletes,

particularly those who compete at an international level, are up to three times more
likely to develop the injury than their less skilled counterparts (3, 26; see Chapter 5).
It remains unknown, however, why patellar tendinopathy prevalence is influenced by
sex or skill level.
Although the aetiology of patellar tendinopathy is not completely understood,
excessive loading of the patellar tendon has been associated with patellar tendon
damage and injury (7, 28). Applying a force or load to the patellar tendon leads to
mechanical stress within the tendon, causing tendon deformation (29, 30).
Computational modelling of the patellar tendon complex has classified this stress as
tensile rather than compressive and has identified that this increased patellar tendon
load is associated with increased strain at the inferior pole of the patella (31). As
illustrated in Figure 1, when an initial load is applied to the elastic region of the
tendon, the patellar tendon is able to return to its original length when the load is
removed. With additional tendon loading, however, the strength of the patellar
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tendon is insufficient to accommodate the applied load and the collagen fibres
eventually reach their failure point (30, 32).

Plastic region

C

Failure point

Load

B

Elastic region

A

Deformation

Figure 1: A typical load-deformation curve (adapted from Levangie and Norkin
(30)). The elastic region (A-B) is where tendon deformation is not permanent and
the tendon will return to its original length following load removal. The tendon
enters the plastic region at the yield point (B), such that with further load increase
(B-C), the tendon deformation is permanent when the load is removed. Tendon
rupture occurs at the tendon failure point (C).

In response to compressive overload, thickening of the tendon, named reactive
tendinopathy, occurs at the cell and matrix level (33).

Cumulative reactive

tendinopathy can lead to degenerative changes to the patellar tendon and abnormal
formation of blood vessels (18, 19, 33). Individuals with this abnormal histology
have a higher risk of developing patellar tendinopathy compared to individuals
whose patellar tendons are normal in structure (34).

4
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Although still an area of intense investigation, it is believed that the main
causative factor of patellar tendinopathy is high loading of the patellar tendon
combined with repeated application of the high load (1, 7, 23, 24, 35). Previously
identified patellar tendinopathy risk factors are thought to compressively overload
the patellar tendon (14, 19).

Despite a well-established association between

excessive and repeated tendon loading and tendon damage (29, 31), limited research
has investigated how risk factors for patellar tendinopathy affect patellar tendon
loading. Patellar tendon loading can be characterised by the magnitude of the peak
patellar tendon force generated during the landing, as well as the rate of patellar
tendon force loading (1). A high rate of loading, indicating a high force applied over
a short duration, is associated with greater mechanical loading (36) and increased
degeneration of the patellar tendon (37) compared with a low loading rate. As
limited research has quantified patellar tendon loading generated during landing (11,
38, 39), the influence of sex and skill level on patellar tendon loading generated
during jump-landing tasks remains unknown.
In fact, no known study has compared the patellar tendon loading generated
during landing by male and female participants, or highly skilled and skilled athletes
to explore whether between-sex or between-skill level differences in patellar tendon
loading exist.

Although sex-specific landing technique and neuromuscular

recruitment patterns have been identified when study participants have performed a
forward leap (40), a single leg landing (41, 42), and a drop landing (43), these
patterns have not been related to sex-specific differences in patellar tendon loading.
Similarly, although altered landing technique and neuromuscular recruitment
patterns have been associated with skill level in various tasks (44-46), there has been

5
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no published investigation of factors affecting patellar tendon loading in highly
skilled and skilled athletes. Understanding the influence of sex and skill level on
patellar tendon loading during landing would, therefore, be valuable in
understanding the development of patellar tendinopathy and the discrepancy in its
prevalence between these groups.
The highest prevalence of patellar tendinopathy has been reported in the sport
of volleyball (3, 18, 25, 47). Volleyball is a dynamic sport with a high volume of
jumping and landing movements, whereby it has been estimated that a volleyball
athlete may perform 300 to 500 stop-jump landings during a normal 4-hour training
session (48). For this reason, it is speculated that there may be volleyball movement
specific risk factors associated with the patellar tendon loading generated during
landing and, in turn, development of patellar tendinopathy in volleyball players.
Furthermore, volleyball court position has been related to the number of jumps
performed by players (49, 50) and to the prevalence of patellar tendinopathy (15, 49,
51). That is, volleyball players who perform a high number of lateral stop-jump
block movements, such as middle blockers, incur greater patellar tendinopathy
prevalence compared to players in other court positions (15, 47, 49).

Middle

blockers on successful volleyball teams have been shown to perform more blocking
movements than those from an unsuccessful team (49), and the quality of the block
movement can discriminate between successful and unsuccessful teams (50, 52),
making it the most important defensive skill in volleyball (53).

Despite its

importance within the game of volleyball, only a paucity of research has examined
the lateral stop-jump block landing technique (1, 54, 55), and only one known
research team has previously related the movement to patellar tendinopathy presence

6
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(1). It remains unknown, however, how landing technique and patellar tendinopathy
risk factors of highly and lesser skilled male and female volleyball players influence
patellar tendon loading generated when landing from a lateral stop-jump block
movement.
STATEMENT OF THE PROBLEM
Although sex and skill level are strongly associated with an increased risk of
developing patellar tendinopathy, it remains unknown how these factors influence
patellar tendon loading generated during landing. It is possible that male and/or
highly skilled volleyball players utilise a landing technique, or exhibit specific risk
factors, that contribute to high patellar tendon loading, thereby increasing their
susceptibility to developing patellar tendinopathy, although this notion remains
unexplored. Therefore, the primary purpose of this thesis was to determine the
influence of sex and skill level on the patellar tendon loading generated when
volleyball players land from a lateral stop-jump block movement.
In order to achieve this overall aim, known risk factors for patellar
tendinopathy, including landing technique, and the patellar tendon loading generated
during landing, were quantified for a large cohort of male and female volleyball
players of varying skill level. The data were then analysed as a series of systematic
studies, as illustrated in Figure 2, to determine the influence of sex and skill level on
patellar tendon loading during landing.

More specifically, the first study

investigated whether the peak patellar tendon force or the patellar tendon force
loading rate calculated during landing from a lateral stop-jump block movement
could be predicted by previously identified patellar tendinopathy risk factors or
variables characterising landing technique (see Chapter 2). Once the predictive
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variables for patellar tendon loading, which included being male, were established,
how sex-specific landing kinematics (see Chapter 3) and neuromuscular recruitment
patterns (see Chapter 4) influenced patellar tendon loading generated during the
landing were investigated. As a large patellar tendinopathy prevalence discrepancy
exists between highly skilled and skilled volleyball players, the influence of skill
level on patellar tendinopathy risk factors, landing technique, and patellar tendon
loading was then examined (see Chapter 5). A summary of the thesis findings,
together with recommendations upon which patellar tendinopathy injury prevention
programs and future research can be based, are described in Chapter 6.

8
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Thesis Aim
To investigate the influence of sex and skill level on patellar tendon loading
generated when volleyball players land from a lateral stop-jump block movement.

Chapter 2
What factors predict the patellar tendon loading generated when landing from a
jump?

Chapter 3
Do between-sex variations in
landing technique account for
differences in patellar tendon
loading generated when landing
from a jump?

Chapter 5
Do patellar tendinopathy risk
factors differ between highly
skilled and skilled volleyball
players?

Chapter 4
Are neuromuscular recruitment
patterns related to patellar tendon
loading when landing from a jump,
and do these patterns differ between
men and women?

Thesis Recommendations
A summary of how sex and skill level influence patellar tendon loading, providing
evidence upon which to develop intervention strategies for reducing patellar
tendinopathy prevalence in volleyball players.

Figure 2: Schematic representation of the thesis structure, highlighting the overall
thesis aim and how each study systematically contributed to investigating this aim.
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Chapter 2

What factors predict the patellar tendon loading
generated when landing from a jump?
This chapter is an amended version of the manuscript: Janssen I, Steele JR, Munro
BJ, et al. Predicting the patellar tendon force generated when landing from a jump.
Medicine and Science in Sports and Exercise 2013; 45:927-34.

ABSTRACT
Although high patellar tendon loading is believed to be the primary causative factor
for patellar tendinopathy, research investigating factors that affect patellar tendon
loading during landing are scarce. Therefore, the purpose of this study was to
identify whether factors previously associated with the development of patellar
tendinopathy, and selected variables characterising landing technique, could predict
patellar tendon loading incurred by volleyball players when landing from a jump.
Ten highly skilled male, 20 skilled male, and 20 skilled female volleyball players
performed a lateral stop-jump block movement. Sex, skill level, quadriceps muscle
strength, quadriceps muscle extensibility, and trunk moment of inertia were
recorded. Landing kinematics (250 Hz) and kinetics (1,500 Hz) were collected and
peak patellar tendon force and patellar tendon force loading rate were calculated.
Backward multiple regression analyses identified which risk factors or landing
technique variables were predictors of patellar tendon loading. Multiple regression
analyses were able to estimate and predict 52% (F(4,49) = 14.258, P ≤ 0.001) and 70%
(F(4,49) = 29.329, P ≤ 0.001) of the peak patellar tendon force and the patellar tendon
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force loading rate variance, respectively. The present study revealed that male
volleyball players with greater quadriceps muscle strength who displayed increased
ankle dorsiflexion velocity and trunk flexion velocity during landing, were predicted
to incur higher patellar tendon loading. As frequent application of high patellar
tendon loading has previously been identified as a causative factor for developing
patellar tendinopathy, interventions designed to decrease ankle dorsiflexion velocity
and trunk flexion velocity at landing, particularly in male players with strong
quadriceps muscles, may be effective in reducing patellar tendon loading and, in
turn, patellar tendinopathy prevalence in this population.

INTRODUCTION
The quadriceps extensor mechanism, including the patellar tendon, acts as the
primary anatomical structure to dissipate the kinetic energy generated when landing
from a jump (1, 2). In fact, each landing can expose the patellar tendon to a force as
high as seven times an individual’s body weight at a rate of 55 body weights per
second (3). Frequent application of this high patellar tendon force combined with
the rapid rate at which this force is applied, and poor landing biomechanics, are
believed to be the main causative factors of overuse knee injuries, such as patellar
tendinopathy, in sports that involve repetitive jumping and landing (4-6).
Risk factors other than landing biomechanics are also believed to predispose
an individual to developing patellar tendinopathy. For example, greater patellar
tendinopathy prevalence is reported in males compared to their female counterparts
across a wide variety of sports (6, 7). Although the cause of the between-sex
difference in prevalence remains unexplained, it is speculated that factors such as
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greater muscle strength (8) and lower quadriceps muscle extensibility (9) may
increase tendon strain, transmit greater forces through the patellar tendon, and lead to
more prevalent patellar tendinopathy in male athletes. Injury prevalence data also
indicates a large discrepancy between skill levels with highly skilled athletes up to
three times more likely to develop patellar tendinopathy than lesser skilled athletes
(6, 7). Although these and other risk factors have been associated with individuals
who develop patellar tendinopathy, it remains unknown why factors such as sex,
strength, muscle extensibility, or skill level predispose individuals to this injury. It is
possible that these risk factors simply affect an individual’s landing biomechanics
and, in turn, increase the patellar tendon force they generate when landing from a
jump, whereby frequent application of this high patellar tendon force is the causative
factor, although this notion has not been investigated.
As it is believed that lower limb landing biomechanics are related to the
development of patellar tendinopathy, several researchers have attempted to identify
landing strategies associated with the injury (3, 4, 10, 11). For example, Richards
and colleagues (4) characterised the landing technique of Canadian national team
male volleyball players, including some players with a history of patellar
tendinopathy or symptoms of the injury at the time of testing. High maximum knee
flexion during landing and a rapid rate of knee extensor moment generation
predicted patellar tendinopathy presence (4).

In another study (11), volleyball

players with patellar tendinopathy displayed less ankle plantar flexion and excursion,
with greater ankle dorsiflexion velocity, when landing compared to players without
patellar tendinopathy. Interestingly, although high patellar tendon force is thought to
be a primary causative factor of patellar tendinopathy in sports that involve repeated
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jumping and landing (4, 12), neither of these studies used patellar tendon force as a
possible predictive factor in their models. In fact, there is a paucity of studies that
have quantified the magnitude of the patellar tendon force generated during landing
tasks.
One research team who have reported the patellar tendon force generated
during landing tasks (3) found that athletes with a patellar tendon abnormality, a
possible precursor to patellar tendinopathy, were exposed to similar patellar tendon
forces and patellar tendon force loading rates when landing compared to control
athletes with no patellar tendon abnormality.

Athletes with a patellar tendon

abnormality, however, demonstrated a distinctive landing technique that included
greater knee flexion, greater hip flexion, and greater hip extension velocity during
landing relative to the controls. Although this study provided some understanding of
the landing technique displayed by male athletes with a patellar tendon abnormality,
it remains unexplored whether landing strategies can predict the patellar tendon force
generated during landing from a jump, or whether these landing strategies are sexspecific. Identifying characteristics of the landing strategies displayed by male and
female athletes and how these characteristics affect patellar tendon loading would
therefore be valuable in understanding overuse knee injuries associated with
repetitive landings, such as patellar tendinopathy (13).
The highest prevalence of patellar tendinopathy in sport is reported in
volleyball with up to 45% of highly skilled male volleyball players, those who
compete at a national level, likely to sustain this injury (6, 14). As volleyball players
are typically tall, anthropometric characteristics associated with a tall stature, such as
lower limb and trunk dimensions, may be potential contributing factors to the high
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patellar tendinopathy prevalence in volleyball (6). As the trunk segment comprises
approximately 50% of total body mass (15), high trunk segment mass and motion
contribute to the forces generated during landing (16). Although not previously
found to be a risk factor for patellar tendinopathy, recent evidence has shown that
trunk motion may influence knee joint loading, and therefore patellar tendon force,
when individuals perform a controlled movement such as a drop landing (17, 18).
Blackburn and Padua (17, 18) reported a reduction in vertical ground reaction forces
(17) and knee extensor moments (18) when 40 participants actively flexed their trunk
during landing. Tall volleyball players, particularly those with a long trunk and large
trunk mass, will have a higher trunk moment of inertia and, in turn, more difficulty
rotating into trunk flexion during landing compared to players with a shorter trunk
length or less trunk mass. In addition, the obstruction of a net may also impede
trunk motion in volleyball. However, how trunk anthropometrics and motion affect
patellar tendon loading when a sport-specific volleyball movement is performed is
unknown.
Although frequent and high patellar tendon force, combined with the rapid
rate at which this load is applied, are believed to be primary causative factors of
overuse knee injuries such as patellar tendinopathy, research investigating factors
that affect the patellar tendon force generated during landing are scarce. Therefore,
the purpose of this study was to identify whether factors that have previously been
associated with the development of patellar tendinopathy (such as sex, skill level,
quadriceps muscle strength, and quadriceps muscle extensibility), and selected
variables characterising landing technique (such as lower limb and trunk motion),
could predict patellar tendon loading incurred by volleyball players when landing
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from a jump. Based on previous literature it was hypothesised that patellar tendon
loading would be predicted by male sex, a high skill level, high quadriceps muscle
strength, low quadriceps muscle extensibility, and poor lower limb and trunk
biomechanics.
METHODS
Participants
Fifty healthy male and female volleyball players of varying skill level and diverse
anthropometric characteristics (age = 22.8 ± 4.5 years; body height = 1.83 ± 0.12 m;
body mass = 78.7 ± 14.3 kg) volunteered for this study. The cohort included 10
highly skilled male players who were members of the Australian Men’s National
Volleyball Team or the Australian Institute of Sport Development Team, and 40
skilled players (20 males and 20 females) who competed in state or reserve league
volleyball competitions. This sample size was deemed sufficient to obtain adequate
statistical power with an effect size of 0.4 when including 10 predictors into the
regression model described below (G*Power, Germany). Participants were excluded
from the study if they had an injury at the time of testing, a self-reported history of
lower limb surgery, equilibrium disorders, or orthopaedic or neurologic conditions
that could influence their lower limb mechanics. The presence of a patellar tendon
abnormality or a history of overuse knee injuries was not assessed, although all
participants indicated they were injury free at the time of testing.

All testing

procedures were approved by the University of Wollongong Human Research Ethics
Committee (HE09/081) and the Australian Institute of Sport Ethics Committee
(20100107) and, before commencing data collection, written informed consent was
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obtained from all participants.

Testing was conducted in the Biomechanics

Laboratory at the Australian Institute of Sport.
Quadriceps muscle strength and extensibility
Bilateral isokinetic eccentric quadriceps muscle strength was assessed for each
participant at 240º/s using a Humac Norm Testing and Rehabilitation System
dynamometer (Computer Sports Medicine, Inc., Stoughton, MA, USA) following a
standardised protocol (19). This quadriceps muscle strength protocol was chosen to
replicate the functional movement and knee angular velocity required during a block
landing task, which was the experimental movement (11).

To improve testing

reliability, each participant performed a familiarisation session two days before the
experimental test to acquaint themselves with the dynamometer and testing
procedure. Participants performed three warm up repetitions followed by a 30 s rest
period and then five maximal contractions. The highest gravity-corrected torque
produced by each participant’s test limb, peak torque (N-m), was recorded,
normalised to body mass, and used as input into the predictive model.
Each participant’s quadriceps muscle extensibility was assessed using the
modified Thomas test (20; see Figure 3). In brief, while lying supine on a plinth,
each participant held their contralateral hip in maximal flexion to flatten the lumbar
spine, while their test limb was lowered towards the floor. The angle between the
long axis of the femoral and tibial segments was measured (degrees) and subtracted
from 180º, with greater values representing greater quadriceps muscle extensibility.
All values were recorded bilaterally in triplicate to the nearest degree with the
median value for the test limb used for analysis.
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Figure 3: The modified Thomas test was used to assess quadriceps muscle
extensibility.

Trunk characteristics
Each participant’s trunk length was measured, using a wall-mounted stadiometer
(Seca, Hamburg, Germany), as the distance between the suprasternal notch and the
greater trochanter while each participant was standing (21).

Trunk length was

measured in triplicate with the median value used for the trunk moment of inertia
calculation. Trunk mass was calculated as 43.46% and 42.57% of the participant’s
body mass for male and female participants, respectively (21). Trunk moment of
inertia was then calculated as the product of the participant’s trunk segment mass
and the square sagittal radii of gyration (15, 21). The primary investigator [IJ]
conducted all tests of quadriceps muscle strength and extensibility, and trunk
anthropometry to maximise data reliability. Blinding to the participants’ group
assignment was not possible due to the high public profile of the highly skilled
players.

22

Chapter 2

Experimental landing task
Participants were led through a standardised warm up of approximately 10 min that
consisted of jogging, lunges, squats, block jumps, and any stretches as desired.
Following the assessments described above and the warm-up, participants performed
a series of lateral stop-jump block movements. This movement was selected as the
experimental task as it is the movement most commonly performed by middle
blocker players, who report a high incidence of patellar tendinopathy in volleyball
(14). A volleyball net set at the regulation height of 2.43 m and 2.24 m for the male
and female participants, respectively, was used to simulate volleyball court
conditions in the laboratory. A standard volleyball was mounted on a post and
positioned with the centre of the ball 0.15 m above net height and 0.15 m into the
opposing court to standardise the height the participants jumped (22). To perform
the lateral stop-jump block movement participants faced the net and, from a standing
position, were required to move laterally with a one-step approach towards the ball.
Once a second step was taken to bring the trail limb close to the lead limb, a twofooted jump was performed to block the suspended volleyball, followed by a final
landing, which was the focus of the current investigation (see Figure 4).

The

participants were provided with unlimited time to acquaint themselves with the
landing task and performed five successful lateral stop-jump block movements
moving from the right, and landing with each foot positioned entirely on a separate
force platform. To prevent targeting, participants were not made aware of the force
platform locations. Participants were provided with a 30 s rest between each trial
and each participant set his or her own starting distance away from the stationary
ball, according to their stride length and movement technique.
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(A)

(B)

(C)

(D)

(E)

Figure 4: The lateral stop-jump block movement: (A) starting position, (B) one-step
approach, (C) two footed take-off, (D) block the volleyball, and (E) land with each
foot on respective force platform. It was the final landing phase (E) that was
investigated in the current study. The position of the two force platforms are
outlined in (D) and (E).

Kinematic data
Each participant’s landing technique was monitored during the experimental task
using retro-reflective markers (14 mm diameter), which were secured to each
participant by the primary investigator in accordance with the University of Western
Australia marker set (23, 24). A total of 70 markers were used as a combination of
single markers on bony landmarks and two or three-marker clusters. Single markers
were placed on the right and left forehead, right and left rear head by way of a
headband, right and left acromion process, suprasternal notch, 7th cervical vertebrae,
10th thoracic vertebrae, xiphoid process, right and left anterior superior iliac spines,
right and left posterior superior iliac spine, right and left head of 1st and 5th
metatarsals, right and left calcaneus, and right and left head of third metacarpal. Tbar clusters consisting of three retro-reflective markers were placed bilaterally on
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segments to define coordinate systems of the upper arm, forearm, thigh, and shank
with a two-marker cluster on the dorsal surface of the hand that stored the joint
centre information during the experimental trials. To identify joint centres, single
calibration markers were also placed on the right and left medial and lateral malleoli,
right and left femoral epicondyles, right and left medial and lateral epicondyles, right
and left radial and ulnar styloid processes, and right and left anterior and posterior
shoulder to define the ankle, knee, elbow, wrist, and shoulder joint centres. In order
to improve the repeatability of marker placement and reduce kinematic error, the
same researcher [IJ] performed all marker placements. An anatomical static trial and
functional trials were conducted to identify joint axes for the knee and hip (23). In
order to account for individual anthropometric differences, subsequent kinematic
data were normalised to a neutral position. Three-dimensional marker trajectories
were collected using a Vicon motion analysis system (Oxford Metrics Ltd, Oxford,
UK) with 14 cameras (MX13 and MX40) sampling at 250 Hz. A static and dynamic
wand calibration procedure was conducted at the start of each testing session
following standard procedures (25). Image errors for each camera were calculated to
represent the accuracy of the 3D reconstruction of the markers and the system was
recalibrated if any of the cameras reported a residual pixel error of greater than 0.25
pixels.

Due to the high number of cameras used to monitor the markers (14

cameras), marker loss was minimal.

In rare cases that data were lost it was

interpolated using Vicon Nexus software (version 1.5.1, Oxford Metrics, UK) using
the standard gap fill procedure.
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Ground reaction force data
The ground reaction forces generated by each participant during landing were
sampled (1,500 Hz) by two 0.60 x 0.90 m calibrated Kistler multi-component force
platforms with built-in charge amplifiers (model 9287BA, Kistler Instrumente,
Winterthur, Switzerland), which were embedded adjacent to each other in the
laboratory floor (see Figure 4). The ground reaction force and kinematic data were
synchronised and collected using Vicon Nexus software (version 1.5.1, Oxford
Metrics, UK).
Data analysis
Patellar tendon force
Landing was defined from the instant the vertical ground reaction force exceeded 10
N for each force platform (initial foot-ground contact) until the time at which the
peak patellar tendon force occurred for each limb independently. The kinematic and
ground reaction force data were filtered using a fourth-order zero-lag Butterworth
digital low pass filter (fc = 16 Hz) with the filter frequency selected after performing
a residual analysis (15).

Kinematic data were then combined with the ground

reaction force data to calculate internal knee moments using standard inverse
dynamics (15). The patellar tendon force for the lead and trail limb, normalised to
body weight (BW), was then calculated as the knee joint moment divided by the
patellar tendon moment arm (26), estimated by a regression equation using knee
flexion angle (27). Patellar tendon force loading rate (BW/s) for the lead and trail
limb, defined as the rate of loading from initial foot-ground contact until the time of
the peak patellar tendon force, was also calculated.
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Landing kinematics
Although 3D kinematic data were collected and used to calculate the relevant angles,
only variables representing sagittal plane lower limb and trunk motion during
landing were calculated for inclusion in the predictive regression equations as they
were deemed more likely to affect patellar tendon force. Specifically, hip and trunk
angle at the time of the peak patellar tendon force, and average ankle dorsiflexion,
hip flexion, and trunk flexion angular velocity from initial foot-ground contact to the
time of the peak patellar tendon force were calculated and used for analyses. The
angle between the long axis of the foot and the tibia represented ankle angle and the
angle between the pelvis and long axis of the femur represented hip angle. Knee
flexion angle, between the tibial and femoral segments, was also measured to
calculate patellar tendon force (27). Modelling the trunk as two different segments,
the thorax and pelvis, is closer to the anatomical architecture of the body compared
to using a single segment model (28, 29). For this reason, trunk motion was defined
as thorax motion relative to the pelvis. Joint angles and inverse dynamic calculations
were performed in Vicon Workstation software (version 4.6, Oxford Metrics, UK)
using the body segment parameters calculated according to values reported by de
Leva (21).
Statistical analysis
Consistent with previous research (30), a-prior analysis revealed that the participants
generated significantly greater patellar tendon force upon landing in the lead limb
(5.17 ± 0.86 BW) compared to the trail limb (4.56 ± 0.85 BW; P ≤ 0.001).
Therefore, predictive models were only conducted on data derived from each
participant’s lead limb. To achieve the purpose of the study, two multiple regression
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analyses were conducted, one for the dependent variable of peak patellar tendon
force, and one for the peak patellar tendon force loading rate, as both variables are
thought to contribute to patellar tendinopathy (4, 10). When conducting regression
analyses it is imperative to ensure low between-variable correlations to avoid
violating statistical assumptions underlying the analyses (31).

This, however,

restricts variables that can be input into the predictive model. Acknowledging the
necessary statistical restrictions, the following variables were chosen for input into
the two regression analyses: sex (male or female), skill level (highly skilled or
skilled), quadriceps muscle strength, quadriceps muscle extensibility, trunk moment
of inertia, hip and trunk angle at the time of the peak patellar tendon force, and
average ankle, hip, and trunk angular velocity (see Table 1).

Table 1: Mean ± standard deviation of the variables representing patellar tendon
loading, eccentric quadriceps muscle strength and extensibility, trunk moment of
inertia, and landing technique when landing from a lateral stop-jump block
movement for 50 volleyball players.
Variable

Value

Peak patellar tendon force (BW)

5.17

±

Patellar tendon force loading rate (BW/s)

38.06

± 11.55

Quadriceps muscle strength (Nm/kg)

2.35

±

0.50

Quadriceps muscle extensibility (°)

47.1

±

9.9

Trunk moment of inertia (kg.m2)

1.61

±

0.35

Ankle dorsiflexion velocity (°/s)

475.7

± 105.4

Hip angle at peak patellar tendon force (°)

48.8

±

11.2

Hip flexion velocity (°/s)

193.8

±

57.0

Trunk angle at peak patellar tendon force (°)

-4.7

±

6.0

Trunk flexion velocity (°/s)

19.9

±

35.3
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As knee flexion angle and velocity were used to calculate the dependent variable of
patellar tendon force, knee kinematics were unable to be included in the regression
equation. Backward multiple regression analyses (criterion P-out = 0.10) were then
performed to determine whether, and which factors were predictors of patellar
tendon loading. Overall model and variable significance were set at α = 0.05 and
performed using statistical software (IBM SPSS Statistics 20.0.0; Somers, NY).
Although blinding of each participant’s group assignment was not possible, the data
analysis process was blinded by using file names that de-identified the participants.
RESULTS
The multiple regression analyses revealed predictor models that were able to
estimate and predict 52% (F(4,49) = 14.258, P ≤ 0.001) of the peak patellar tendon
force, which was predicted by the interaction of sex, quadriceps muscle strength,
ankle dorsiflexion velocity, and trunk flexion velocity during landing (see Table 2).
Additionally, the regression analyses predicted 70% (F(4,49) = 29.329, P ≤ 0.001) of
the patellar tendon force loading rate variance and were predicted by the interaction
of sex, quadriceps muscle strength, and ankle dorsiflexion velocity during landing
(Table 2).

The regression coefficients were positive, indicating that male

participants with greater quadriceps muscle strength, increased ankle dorsiflexion
velocity, and increased trunk flexion velocity during landing were predicted to incur
higher patellar tendon force and more rapid patellar tendon force development.
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Table 2: Multiple regression analyses of independent variable effects on peak
patellar tendon force and loading rate during landing. The adjusted R square is
reported for each model. *Indicates a significant model predictor at P ≤ 0.05.
Predictor variables

Coefficient

t-value

P-value

Intercept

1.372

2.380

0.022*

Gender

0.578

3.203

0.003*

Skill level

0.009

0.077

0.939*

Quadriceps muscle strength

0.443

2.463

0.018*

Quadriceps muscle extensibility

-0.002

-0.024

0.981*

Trunk moment of inertia

0.003

0.029

0.977*

Ankle dorsiflexion velocity

0.005

5.494

0.000*

Hip angle at peak patellar tendon force

0.017

0.162

0.872*

Hip flexion velocity

-0.084

-0.761

0.451*

Trunk angle at peak patellar tendon force

0.056

0.515

0.609*

Trunk flexion velocity

0.006

2.211

0.032*

Intercept

-17.752

-2.893

0.006*

Gender

6.271

3.264

0.002*

Skill level

0.008

0.095

0.925*

Quadriceps muscle strength

3.961

2.071

0.044*

Quadriceps muscle extensibility

-0.071

-0.884

0.382*

Trunk moment of inertia

0.064

0.777

0.441*

Ankle dorsiflexion velocity

0.088

9.366

0.000*

Hip angle at peak patellar tendon force

-0.028

-0.345

0.732*

Hip flexion velocity

0.057

0.644

0.523*

Trunk angle at peak patellar tendon force

0.018

0.210

0.835*

Trunk flexion velocity

0.053

1.875

0.067*

Peak patellar tendon force (R2 = 0.520)

Patellar tendon force loading rate (R2 = 0.698)

DISCUSSION
Although a high patellar tendon force and a high rate of patellar tendon force
development when landing from a jump are considered precursors for developing
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patellar tendinopathy (4, 10), research investigating factors that affect patellar tendon
loading during landing are scarce (4, 11). Results of the present study have revealed
that the interaction of sex, eccentric quadriceps muscle strength, ankle dorsiflexion
velocity, and trunk flexion velocity are significant predictors of patellar tendon force
and patellar tendon force loading rate when landing from a lateral stop-jump block
movement. Specifically, male volleyball players with greater quadriceps muscle
strength, increased ankle dorsiflexion velocity, and increased trunk flexion velocity
during landing were predicted to generate higher patellar tendon loading, possibly
predisposing these individuals to a higher risk of developing patellar tendinopathy.
The mean patellar tendon force generated by the volleyball players in the
present study (5.17 BW) was similar to patellar tendon forces generated by male
participants during vertical landings in previous investigations (3, 32). However, the
patellar tendon force loading rate observed in the current study (38 BW/s) was
substantially lower than the loading rate of 55 BW/s observed for male participants
during the vertical landing component of a forward stop-jump (3). These differences
in loading rate are likely to be due to between-study differences in experimental task
(a forward stop-jump compared to a lateral stop-jump block movement), or the
cohort investigated.
Greater prevalence of patellar tendinopathy has been reported in male
volleyball players compared to their female counterparts (6), making sex a risk factor
believed to increase a participant’s susceptibility to developing the injury (9, 33).
However, this is the first known study to demonstrate that sex is also a significant
predictor of the patellar tendon force generated when individuals land from a jump,
whereby male sex was a significant factor that predicted higher patellar tendon
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forces and a more rapid patellar tendon force loading rate. Although it has been
suggested the between-sex incidence in patellar tendinopathy may be a result of
greater quadriceps muscle strength and jumping capacity in male players exposing
the patellar tendon to greater forces (8), it remains unknown why male players are
more susceptible to the injury. We speculate that male and female volleyball players
are likely to employ different landing strategies, which contribute to a higher patellar
tendon force in males and, in turn, predispose males to patellar tendinopathy,
although this notion remains unexplored.

For this reason, a comprehensive

investigation of differences in the landing technique displayed by male compared to
female volleyball players, and how these technique differences affect patellar tendon
force and the patellar tendon force loading rate, is recommended.
Volleyball is an explosive sport with a substantial jump-land volume that
necessitates frequent quadriceps muscle activation to eccentrically control knee
flexion and decrease the body’s vertical momentum during landings (34). In this
study, eccentric quadriceps muscle strength measured at 240º/s was found to be an
individual predictor of peak patellar tendon loading. Although this is the first known
study to identify eccentric strength as a predictor of patellar tendon force when
landing from a jump, previous research has found that male volleyball athletes with
patellar tendinopathy demonstrated greater eccentric force generation during ballistic
jumps compared to uninjured athletes (13). Although technically a ligament, the
patellar tendon is a thick fibrous tissue, extending from the patella to the tibia, that
transfers the force of the quadriceps muscle to the tibia (35). It has been revealed
that the force produced during eccentric quadriceps muscle contraction can be up to
three times that of the force generated during a concentric contraction of the muscle,
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and therefore, is thought to be the primary cause of micro ruptures in the patellar
tendon (36). As a result, eccentric quadriceps muscle contraction during landing can
load the patellar tendon beyond its inherent strength and may cause micro tearing
and degeneration of tendon fibres. These results imply that players with superior
eccentric strength may increase the load placed upon the patellar tendon and, in turn,
increase their susceptibility to developing patellar tendinopathy. However, as it
would be inappropriate to advocate for players to reduce their eccentric quadriceps
muscle strength in an attempt to decrease patellar tendon loading, it is recommended
that further research investigates whether there are any technique modifications that
players with greater eccentric quadriceps muscle strength could employ to reduce
patellar tendon force generated during landing.
Although previous research has suggested that decreased quadriceps muscle
extensibility may increase patellar tendon strain during landing (9, 37), this variable
was not a significant predictor of patellar tendon loading during landing in the
present study. Furthermore, skill level was not a significant predictor of patellar
tendon loading, despite higher patellar tendinopathy prevalence being reported in
highly skilled volleyball players (6, 7). It is possible that risk factors not included in
the current regression model, such as training frequency and the subsequent increase
in loading (6), may be more relevant in the development of patellar tendinopathy in
highly skilled players rather than the patellar tendon force per se. However, it is
recommended that a comprehensive comparison of the landing technique displayed
by highly skilled and skilled volleyball players when landing from a lateral stopjump block movement be conducted to ascertain whether there are any technique
factors that contribute to high patellar tendon loading in either cohort. Further
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research is also encouraged to explore the associations among the frequency of
patellar tendon loading, the magnitude of patellar tendon loading, and the
development of patellar tendinopathy, as well as whether the frequency of loading is
a more controllable risk factor than the magnitude of the patellar tendon loading
when developing preventative strategies for patellar tendinopathy.
Although poor landing biomechanics have previously been associated with
the development of patellar tendinopathy (4, 10), this is the first study to quantify the
association between landing biomechanics and patellar tendon loading generated by
uninjured athletes when landing from a lateral stop-jump block movement. Ankle
dorsiflexion velocity was identified as a significant predictor of patellar tendon force
and patellar tendon force loading rate, whereby a faster change in ankle position
from the time of initial foot-ground contact to the time of the peak patellar tendon
force was predictive of higher patellar tendon loading. It is speculated that faster
ankle dorsiflexion velocity results due to a stiffer landing strategy that subjects the
patellar tendon to higher strain. Although the quadriceps extensor mechanism acts
as the primary anatomical structure to dissipate the kinetic energy generated during a
jump (1, 2), the ankle is the first joint to attenuate the impact force (2). The results
of the present study are consistent with previous research that has shown male
athletes with previous patellar tendinopathy had greater dorsiflexion velocity than
those without a history of patellar tendinopathy (11).

Although Bisseling and

colleagues (11) suggested that injured athletes modify their landing technique to
compensate for their injuries, we speculate that some uninjured athletes might
already display landing strategies that cause them to generate high patellar tendon
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forces, ultimately predisposing these individuals to a higher risk of developing
patellar tendinopathy.
Trunk angular velocity was also identified as a significant predictor of
patellar tendon loading, whereby a faster change in trunk position from the time of
initial foot-ground contact to the time of the peak patellar tendon force was
predictive of higher patellar tendon loading. It is speculated that a stiffer landing
strategy demonstrated faster trunk angular velocity and, therefore, placed higher
strain through the patellar tendon during landing.

Interestingly, trunk flexion

velocity was only a predictor of the patellar tendon force loading rate when
combined with sex, muscle strength, and ankle dorsiflexion velocity. Contrary to
our hypothesis, trunk angle at the time of peak patellar tendon force was not a
significant predictor of patellar tendon loading. Previous research has shown that
trunk motion may influence knee joint loading, and therefore patellar tendon loading,
when landing in a controlled movement such as the drop landing (17, 18). In a sport
such as volleyball, external influences can constrain how a player positions their
body and, in turn, the joint forces they generate upon landing. For example, when
landing from a block jump, players can be forced to keep their trunk vertical to
prevent contact with the volleyball net. In the current study participants performed a
dynamic movement whereby the volleyball net is likely to have affected the amount
of trunk flexion participants displayed, and this may have restricted variability in
trunk flexion angle and angular velocity (see Table 1). In fact, substantial trunk
flexion when blocking will be detrimental to volleyball performance, as participants
need to ensure they do not contact the net during competition.
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Trunk moment of inertia was also not found to be a predictor of patellar
tendon force at landing in the current study. Kulas et al. (38) explored the effect of
increasing trunk mass by 10% of body mass on the knee joint for 21 recreationally
active male and female participants who were performing a controlled drop landing.
Results of the study revealed that increased body mass was accompanied by an
increase in knee extensor angular impulse and knee energy absorption during
landing. The authors speculated that this result was likely due to greater trunk
moment of inertia requiring greater effort for the participants to flex their trunks
during landing. Again, volleyball net restrictions in the current study may have
limited trunk flexion and, in turn, masked potential negative effects of increased
trunk moment of inertia on patellar tendon loading when landing from a block-jump.
The regression equations in the present study were able to identify significant
predictors and explain more than half of the variance in patellar tendon loading. It is
likely that knee kinematics would have accounted for a substantial amount of the
unexplained variance as knee flexion and knee angular velocity during landing have
previously been identified as patellar tendinopathy injury predictors in male
volleyball players (4, 11). However, measures of knee kinematics were unable to be
included in the regression model as the same variables were used to calculate the
predicted variable and this would have violated the statistical assumptions
underlying the regression analysis. Nevertheless, the results of this study have
potential to further our understanding of patellar tendon loading incurred during
landing by volleyball players.
The limitations of the current study must be considered when interpreting the
study results. Although all participants indicated they were injury free at the time of
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testing, the presence of a patellar tendon abnormality or a history of overuse knee
injuries was not assessed. Using an inverse dynamics analysis assumes that each
segment is rigid with mass concentrated at the centre of mass, that each joint is
frictionless, and that there is no co-contraction of agonist and antagonist muscles.
This may underestimate the patellar tendon force and contribute to errors in the net
knee joint moments. Furthermore, patellar tendon force was estimated using a twodimensional model that may oversimplify how the patellar tendon was loaded, given
that the tendon is a complex three-dimensional structure. However, although threedimensional linear regression equations exist for other lower-limb tendons (39), a
three-dimensional regression equation for the patellar tendon moment arm suitable to
calculate patellar tendon forces generated during landing tasks is currently not
available. In addition, the regression equations used to estimate trunk mass and
trunk moment of inertia were not specific for athletes, which may have increased the
error in these calculations. Future work involving a comprehensive longitudinal
prospective study of the patellar tendinopathy risk factors and landing technique of a
group of male volleyball players is recommended to confirm the causative factors
and relationship between these variables and patellar tendinopathy development.
CONCLUSIONS
Although patellar tendinopathy is the most common overuse knee injury in landing
sports, our understanding of factors that affect patellar tendon loading during landing
is limited. Results of the present study revealed that male volleyball players with
greater quadriceps muscle strength, increased ankle dorsiflexion velocity, and
increased trunk flexion velocity during landing were predicted to generate higher
patellar tendon loading, ultimately predisposing these individuals to a higher risk of
developing patellar tendinopathy. Interventions designed to identify players at risk
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and alter their landing technique to decrease ankle dorsiflexion velocity and trunk
flexion velocity may be effective in reducing patellar tendon loading and, in turn,
patellar tendinopathy prevalence in this population.

In order to tailor these

prevention programs, however, a comprehensive longitudinal investigation exploring
how sex and skill level influence patellar tendon loading during landing and,
subsequently, affect the development of patellar tendinopathy is required.
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Chapter 3
Do between-sex variations in landing technique account
for differences in patellar tendon loading generated when
landing from a jump?
This chapter is an amended version of the manuscript: Janssen I, Brown NAT,
Munro BJ, et al. Variations in jump height explain the between-sex difference in
patellar tendon loading during landing. Scandinavian Journal of Medicine and
Science in Sports 2014; doi: 10.1111/sms.12172.

ABSTRACT
Patellar tendinopathy is the most common overuse knee injury in volleyball, with
men reporting more than twice the injury prevalence than women. Although high
patellar tendon loading is thought to be a causative factor of patellar tendinopathy, it
is unknown whether between-sex variations in landing technique account for
differences in patellar tendon loading. It was hypothesised that male volleyball
players would display differences in landing technique and would generate higher
patellar tendon loading than their female counterparts. The landing technique and
patellar tendon loading of 20 male and 20 female volleyball players performing a
lateral stop-jump block movement were collected. Independent t-tests were used to
identify any between-sex differences in landing technique with the data grouped to
account for differences in jump height and in anthropometry.

Male volleyball

players were taller and heavier, landed from a higher height, displayed differences in
landing kinematics, generated a significantly greater knee extensor moment, and
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experienced higher patellar tendon loading than female players when all 40
participants were compared. However, when participants were matched on jump
height, they generated similar patellar tendon loading, irrespective of their sex.
These results imply that jump height is a more important determinant of patellar
tendon loading that sex.

INTRODUCTION
Patellar tendinopathy is the most common overuse knee injury in volleyball. It has
been reported that up to 45% of volleyball players will experience patellar
tendinopathy symptoms at some point in their playing career (1) and male volleyball
players report a patellar tendinopathy prevalence of more than twice that of their
female counterparts (2, 3). High loading of the patellar tendon fibres during landing
is thought to be a causative factor of patellar tendinopathy (4, 5) and we have
previously shown that, compared to female players, male volleyball players are
predicted to incur higher patellar tendon loading when landing from a lateral stopjump block movement (see Chapter 2). Although we speculated that higher patellar
tendon loading is a possible cause of the between-sex bias in patellar tendinopathy
prevalence, why male volleyball players generate higher patellar tendon loading
compared to female players has not been investigated.
Several research groups have compared the landing techniques of male and
female athletes from various sports (6-8). A paucity of studies, however, have
compared the landing technique of male and female volleyball players even though
injury rates differ between the sexes (1, 2). As none of these previous studies have
quantified joint torques or patellar tendon loading, it remains unknown whether any
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of the differences in landing kinematics accounted for some of the between-sex
disparity in patellar tendon loading when the athletes landed from a jump.
At the joint level, patellar tendon loading during activities such as landing is
influenced by several variables including the patellar tendon moment arm, the knee
flexion angle, and the knee extensor moment generated during the landing action (9,
10). The patellar tendon moment arm is typically determined by sagittal plane tibial
and femoral movements (11), with the peak patellar tendon moment arm occurring
between 45º and 60º of knee flexion (9, 11). Landing techniques that require a
greater knee extensor moment will likely result in higher patellar tendon loading,
potentially predisposing athletes to developing patellar tendinopathy (12, 13).
Additionally, three-dimensional whole body kinematics must be considered because
even distant segmental velocities and accelerations influence loading at adjacent
joints (14).
Although the mechanical objective of landing is the same for each volleyball
player, injury prevalence data suggest that an individual’s landing technique may
influence patellar tendon loading. One component of landing technique that may
differentiate patellar tendon loading is jump height. As an increase in landing
velocity is associated with landing from a higher height (15), and an increase in jump
height affects landing kinematics (16), it is possible that between-sex differences in
patellar tendon loading may arise because males typically land from a higher jump
height. Additionally, when comparing between-sex landing technique, individual
anthropometry should be considered to ensure that any observed differences are not
merely due to varying anthropometrics rather than sex (17).

Despite potential

explanations for differences in patellar tendon load, previous studies that compared
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the landing technique of male and female volleyball players did not match the
participants for anthropometry (16, 18, 19). As body mass has been identified as a
critical factor for developing patellar tendinopathy (4, 5), it remains unknown
whether between-sex differences in landing technique or patellar tendon loading may
simply be a result of variations in anthropometry rather than sex-specific factors per
se.
Understanding what factors cause male volleyball players to generate higher
patellar tendon loading during landing compared to their female counterparts is an
essential precursor to reducing patellar tendinopathy prevalence. No studies known
to the authors, however, have investigated whether between-sex variations in landing
technique may account for differences in patellar tendon loading. Therefore, the
purpose of this study was to compare the landing technique and patellar tendon
loading of healthy male and female volleyball players during a sport-specific landing
movement. Based on previous literature, it was hypothesised that male volleyball
players would display differences in landing technique, including more knee flexion
and a greater knee extensor moment, than their female counterparts. Additionally,
male players would generate higher patellar tendon loading as a result of being
heavier and having a higher jump height.
METHODS
Participants
Twenty healthy male and 20 healthy female volleyball players who competed in state
or reserve league volleyball competitions volunteered as participants (see Table 3).
Players were excluded from the study if they were injured at the time of testing, or
self-reported a history of lower limb surgery, equilibrium disorders, or orthopaedic
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or neurologic conditions that could influence their lower limb biomechanics during
landing.

Table 3: Characteristics (mean ± standard deviation) of all participants (n = 20 per
group), when matched for jump height (n = 13 per group), and when matched for
anthropometry (n = 9 per group). *Indicates a significant between-sex difference (P
≤ 0.05).
All
participants

Jump height
matched

Anthropometry
matched

Male

Female

Male

Female

Male

Female

Age (years)

24.0 ±
5.6

23.0 ±
4.1

23.2 ±
6.0

22.0 ±
4.0

23.0 ±
4.1

24.5 ±
4.0

Body height (m)

1.86 ±
0.06*

1.73 ±
0.07

1.88 ±
0.05*

1.70 ±
0.04

1.81 ±
0.04

1.78 ±
0.06

Body mass (kg)

83.8 ±
13.9*

69.5 ±
8.4

85.8 ±
12.0*

68.5 ±
9.2

78.2 ±
10.5

70.3 ±
7.7

Training per week (hours)

8.0 ±
3.8

6.7 ±
3.8

8.3 ±
4.6

6.8 ±
4.2

8.1 ±
2.0

7.2 ±
4.9

Number of years playing

8.9 ±
5.0

8.1 ±
4.1

8.6 ±
5.4

8.4 ±
3.9

8.9 ±
4.0

7.0 ±
2.9

Shank length (m)

0.42 ±
0.02*

0.39 ±
0.02

0.42 ±
0.02*

0.38 ±
0.02

0.41 ±
0.02

0.41 ±
0.02

Femur length (m)

0.44 ±
0.03

0.46 ±
0.04

0.46 ±
0.04

0.44 ±
0.02

0.44 ±
0.03

0.46 ±
0.02

Experimental jump height (m)

0.49 ±
0.06*

0.39 ±
0.05

0.46 ±
0.06

0.42 ±
0.03

0.51 ±
0.04*

0.37 ±
0.07

The presence of a patellar tendon abnormality, however, was not assessed. In order
to obtain statistical power with a large effect size, a power analysis (G*Power,
Germany) of previously published data (20) revealed 13 male and 13 female
participants were required.

Additional participants were recruited to allow for

participant matching based on the assessment of each participant’s anthropometry
using standard procedures (21, 22). Participants self-reported the total number of
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hours per week they played volleyball and the number of years they had been
playing volleyball.

The University of Wollongong Human Research Ethics

Committee (HE09/081) and the Australian Institute of Sport Ethics Committee
(20100107) approved all testing procedures and written informed consent was
obtained from all participants before data collection commenced.
Experimental landing task
Participants performed five successful lateral stop-jump block movements, which
have been described in detail in Chapter 2 and Figure 5. In brief, they faced a
regulation height net (2.43 m and 2.24 m for male and female participants,
respectively) and moved laterally towards a standard volleyball placed with the
centre of the ball 0.15 m above net height and 0.15 m into the opposing court (23).
Participants blocked the volleyball and landed with each foot positioned on a
separate force platform (18).
Data collection and analysis
During landing, two 0.60 x 0.90 m calibrated multi-component force platforms
(model 9287BA, Kistler Instrumente, Winterthur, Switzerland), which were
embedded in the laboratory floor, sampled (1,500 Hz) the three-dimensional ground
reaction forces generated by each participant. Landing was defined from the instant
the vertical ground reaction force exceeded 10 N (initial foot-ground contact) until
the time of the peak patellar tendon force.
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(A)

(B)

(C)

(D)

(E)

Figure 5: The lateral stop-jump block movement: (A) starting position, (B) one-step
approach, (C) two footed take-off, (D) block the volleyball, and (E) land with each
foot on respective force platform. The final landing movement (E) was investigated
in the current study.

In accordance with the University of Western Australia marker set (24, 25),
retro-reflective markers (14 mm diameter) with placement procedures described in
Chapter 2, were used to monitor each participant’s landing technique during the
experimental task. Three-dimensional marker trajectories were sampled at 250 Hz
using a 14 camera (MX13 and MX40) Vicon motion analysis system (Oxford
Metrics Ltd, Oxford, UK). A static and dynamic wand calibration was conducted
following standard procedures (26) and ensuring a residual pixel error less than 0.25
pixels.
To characterise landing technique, three-dimensional ankle, knee, hip, and
trunk angles at the time of initial foot-ground contact and at the time of the peak
patellar tendon force were calculated (25). In order to understand how these body
positions were attained, average joint angular displacement, angular velocity, and
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angular acceleration from initial foot-ground contact to the time of the peak patellar
tendon force were also calculated. Joint angle and inverse dynamic calculations
were performed in Vicon Workstation software (version 4.6, Oxford Metrics, UK)
using the body segment parameters calculated according to values reported by de
Leva (27).
The raw ground reaction force and kinematic data were filtered using a
fourth-order zero-lag Butterworth digital low pass filter (fc = 16 Hz) with the filter
frequency selected after performing a residual analysis (28). Kinematic data were
then combined with the ground reaction force data to calculate the three-dimensional
internal knee joint moments using standard inverse dynamics (28). Patellar tendon
loading for the lead limb was characterised by two variables: (i) peak patellar tendon
force normalised to body weight (BW), calculated as knee extension moment divided
by the patellar tendon moment arm (9), estimated by a regression equation using
knee flexion angle (10); and (ii) patellar tendon force loading rate (BW/s), defined as
the rate of loading from initial foot-ground contact until the time of the peak patellar
tendon force.
Statistical analysis
To account for any between-sex differences in landing technique attributed to
differences in either jump height or anthropometry, the data were grouped three
ways for analysis: (i) all 20 male and 20 female participants; (ii) 13 male and 13
female participants who were matched for jump height, whereby jump height was
calculated as displacement of the posterior superior iliac spine markers from the
standing position to the highest position the markers attained during the experimental
movement (29); and (iii) 9 male and 9 female participants who were matched for
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shank length, femur length, body height, and body mass (see Table 3). Descriptive
statistics were calculated for the outcome variables characterising landing technique
and patellar tendon loading according to the three categories.

A series of

independent t-tests (IBM SPSS Statistics 20.0.0; Somers, NY) were then conducted
to determine whether there were any significant between-sex differences in landing
technique. An adjustment to the alpha level (P ≤ 0.05) was not made due to the
exploratory nature of the study investigating multiple factors.
RESULTS
Landing technique
When all participants were compared, the men displayed significantly less ankle
inversion, greater foot adduction (toes turned inward), less knee abduction (knee
valgus), greater external tibial rotation, greater hip abduction (abduction of the femur
away from the midline), greater femoral external rotation, and greater trunk
extension (thorax relative to the pelvis) at initial foot-ground contact compared to the
women during landing (see Table 4). Differences in foot adduction, hip abduction,
femoral external rotation, and trunk extension continued to be evident at the time of
the peak patellar tendon force when all participants were compared.

These

differences resulted in significant differences in frontal plane ankle excursion and
velocity, frontal plane knee excursion, velocity, and acceleration, and transverse
plane trunk velocity and acceleration. Although fewer technique differences were
observed when matched for jump height and anthropometry, irrespective of how the
participants were grouped the men displayed significantly greater foot adduction
relative to their tibias compared to the women at initial foot-ground contact and at
the time of the peak patellar tendon force (see Table 4). Additionally, the men’s
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femurs were significantly more externally rotated relative to their pelvis compared to
the women at the time of initial foot-ground contact in all comparisons.
	
  

Table 4: Landing technique variables (mean ± standard deviation) that were found to
be significantly different between the male and female participants when grouped all
together (ALL; n = 20 per group), when matched for jump height (JH; n = 13 per
group), and when matched for anthropometry (ANTHRO; n = 9 per group). Effect
size (ES) statistics assessed the magnitude of the between-sex differences as large (>
0.70), moderate (0.40 - 0.70), or small (< 0.40) (30).
Male

Female

P-value

ES (d)

ALL

-35.0 ± 7.2

-32.6 ± 5.4

0.251*

0.38

JH

-33.9 ± 3.1

-37.8 ± 5.7

0.039*

0.85

ANTHRO

-31.5 ± 7.5

-32.1 ± 5.5

0.840*

0.09

ALL

-04.2 ± 5.6

-09.9 ± 5.7

0.003*

1.00

JH

-06.0 ± 5.2

-09.2 ± 6.5

0.170*

0.54

ANTHRO

-02.9 ± 5.7

-08.4 ± 2.4

0.023*

1.29

ALL

-15.6 ± 5.4

-09.8 ± 7.2

0.007*

1.26

JH

-15.3 ± 4.6

-08.7 ± 7.2

0.010*

1.09

ANTHRO

-17.0 ± 6.2

-07.9 ± 4.4

0.003*

1.69

ALL

0-0.6 ± 4.1

0-3.9 ± 4.1

0.017*

0.58

JH

0-0.6 ± 4.1

0-4.6 ± 2.7

0.007*

1.15

ANTHRO

0-1.9 ± 2.8

0-2.8 ± 5.6

0.674*

0.20

ALL

0-1.9 ± 5.4

-01.8 ± 5.1

0.031*

0.70

JH

0-1.2 ± 4.9

-00.9 ± 5.6

0.322*

0.40

ANTHRO

0-2.6 ± 4.5

-01.0 ± 4.9

0.134*

0.77

ALL

0-9.6 ± 4.8

0-6.1 ± 5.4

0.037*

0.69

JH

0-9.7 ± 5.1

0-5.5 ± 5.0

0.044*

0.83

ANTHRO

0-8.5 ± 4.0

0-3.9 ± 5.8

0.068*

0.92

ALL

-17.3 ± 7.3

-10.0 ± 6.9

0.003*

1.03

JH

-16.8 ± 6.8

0-9.3 ± 8.1

0.017*

1.00

ANTHRO

-20.2 ± 6.7

-10.5 ± 5.4

0.004*

1.59

ALL

-12.8 ± 8.7

0-6.9 ± 8.8

0.040*

0.67

JH

-14.0 ± 8.9

0-5.5 ± 7.4

0.014*

1.04

ANTHRO

-10.2 ± 9.3

-4.7 ± 10.2

0.247*

0.56

At Initial Foot-Ground Contact
Ankle DF/PF (°)

Ankle I/E (°)

Foot ABD/ADD (°)

Knee ABD/ADD (°)

Tibial rotation (°)

Hip ABD/ADD (°)

Femoral rotation (°)

Trunk forward flexion (°)
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At the Time of the Peak Patellar Tendon Force
Foot ABD/ADD (°)

Hip ABD/ADD (°)

Femoral rotation (°)

Trunk forward flexion (°)

ALL

-16.9 ± 6.7

0-0.4 ± 7.5

0.003*

1.03

JH

-15.8 ± 5.8

0-2.8 ± 6.7

0.002*

1.37

ANTHRO

-19.9 ± 7.2

0-2.4 ± 6.3

0.001*

1.82

ALL

-10.5 ± 7.9

0-4.5 ± 6.7

0.014*

0.82

JH

1-9.7 ± 8.4

0-4.5 ± 7.0

0.097*

0.67

ANTHRO

-12.6 ± 7.6

0-2.0 ± 7.2

0.008*

1.43

ALL

-18.7 ± 7.2

-14.3 ± 5.4

0.033*

0.69

JH

-18.8 ± 7.0

-14.3 ± 6.3

0.103*

0.68

ANTHRO

-21.5 ± 6.7

-15.3 ± 3.3

0.025*

1.17

ALL

1-9.2 ± 8.4

0-2.9 ± 7.4

0.016*

0.80

JH

1-9.3 ± 7.5

0-2.5 ± 7.4

0.029*

0.91

ANTHRO
1-5.7 ± 8.1
-11.4 ± 6.3
0.054*
0.98
DF/PF = dorsiflexion/plantar flexion, I/E = inversion/eversion, ABD/ADD = abduction/adduction.
Positive values indicate ankle dorsiflexion, ankle inversion, foot adduction (toes inward), knee
adduction (knee varus), tibial internal rotation, hip adduction, femoral internal rotation, and trunk
forward flexion.

Patellar tendon loading
Compared to their female counterparts (n = 20), the male volleyball players (n = 20)
generated significantly higher patellar tendon force and faster patellar tendon force
development during landing (see Figure 6).

Although similar between-sex

differences in patellar tendon loading were observed when matched for
anthropometry, these differences were not present when the male and female
volleyball players were matched for jump height (see Figure 6). Furthermore, there
were no significant between-sex differences in the variables used to calculate patellar
tendon loading, knee flexion angle, or the patellar tendon moment arm (see Table 5).
However, for all comparisons and when anthropometrically-matched, the men
generated significantly greater knee extensor moments than the women, although
these differences dissipated when participants were jump height-matched (see Table
5).
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Table 5: Variables used to calculate patellar tendon loading (mean ± standard
deviation) for all participants (n = 20 per group), when matched for jump height (n =
13 per group), and when matched for anthropometry (n = 9 per group). Values
represent those calculated at the time of the peak patellar tendon force. *Indicates a
significant between-sex difference (P ≤ 0.05).
All
participants

Jump height
matched

Anthropometry
matched

Male

Female

Male

Female

Male

Female

Knee flexion
angle (°)

73.7 ±
12.0

75.8 ±
11.8

76.7 ±
11.1

74.7 ±
13.7

76.4 ±
12.6

77.2 ±
6.7

Patellar tendon
moment arm (m)

0.05 ±
<0.01

0.05 ±
<0.01

0.05 ±
<0.01

0.05 ±
<0.01

0.05 ±
<0.01

0.05 ±
<0.01

Knee extensor
moment (Nm/kg)

2.60 ±
0.42*

2.21 ±
0.33

2.53 ±
0.43

2.29 ±
0.37

2.65 ±
0.36*

2.12 ±
0.27

The 20 men and 20 women generated similar knee abduction moments (-0.12
± 0.17 Nm/kg versus -0.09 ± 0.31 Nm/kg, respectively; P = 0.740) and tibial external
rotation moments (-0.01 ± 0.05 Nm/kg versus -0.06 ± 0.14 Nm/kg, respectively; P =
0.197) to each other at the time of the peak patellar tendon force.
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(A)
Male

Female

7

Peak patellar tendon force (BW)

6

*"

*"

5

4

3

2

1

0

All participants

(B)

Jump height matched

Male

Anthropometry matched

Female

60

50

Patellar tendon force loading rate (BW/s)

*"

*"

40

30

20

10

0

All participants

Jump height matched

Anthropometry matched

Figure 6: Peak patellar tendon force (A) and the patellar tendon force loading rate
(B) (mean ± standard deviation) for all participants (n = 20 per group), when
matched for jump height (n = 13 per group), and when matched for anthropometry (n
= 9 per group). *Indicates a significant between-sex difference (P ≤ 0.05).
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DISCUSSION
Although between-sex discrepancy in patellar tendinopathy prevalence exists (2, 3),
little is known about whether male and female volleyball players display different
landing techniques that may affect patellar tendon loading during landing. In this
study, male volleyball players were taller and heavier, landed from a higher height,
displayed differences in landing kinematics, generated a greater knee extensor
moment, and experienced higher patellar tendon loading than their female
counterparts. When matched on body height and mass, male players still generated
higher patellar tendon loading. However, the between-sex difference in patellar
tendon loading was no longer evident when the men and women were matched for
jump height. The implications of these findings are discussed below.
Landing technique
When landing from a lateral stop-jump block movement, variations in landing
kinematics were observed between the sexes. A previous investigation on the same
movement pattern (18), also demonstrated that male volleyball players displayed
similar sagittal plane ankle and knee kinematics, and less average hip flexion than
female players. Further comparison to the literature is difficult as this is the first
known study to have investigated the three-dimensional landing technique of this
lateral stop-jump block movement.

Although both male and female volleyball

players displayed foot abduction during the landing in the current study, male
volleyball players displayed greater foot adduction relative to their tibias at initial
foot-ground contact and peak patellar tendon force compared to the women. When
matched for anthropometry, differences in foot adduction presented the greatest
effect size of any kinematic variable assessed during landing. As the foot is fixed on
the ground during the landing cycle, this increase in foot adduction displayed by the
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men (toes pointing inward compared to the tibia) is likely due to greater tibial
external rotation relative to the fixed foot. Although these data were found to be
significantly different, such small variations in landing technique should be
interpreted with caution given the error inherent in using externally mounted markers
to represent segmental motion during testing. Furthermore, the high variability in
the data for both participant groups (see Table 4) implies that both male and female
volleyball players used a variety of strategies when landing. When players were
matched for jump height, differences in lower limb kinematics were still evident
despite the fact that no difference in patellar tendon loading was observed. These
results indicate that the small lower limb kinematic differences were unable to
explain the difference in patellar tendon loading between male and female volleyball
players when landing from a lateral stop-jump block movement.
We have demonstrated that although small between-sex differences in lower
limb kinematics exist when volleyball players land from a jump, it remains unknown
whether sex-specific neuromuscular control strategies are adopted during landing to
control lower limb motion and how such strategies might affect patellar tendon
loading. For this reason, it is suggested that further research explore between-sex
differences in the neuromuscular strategies used to control the lower limb during
landing in volleyball and how these strategies influence patellar tendon loading.
Patellar tendon loading
In the sport of volleyball, attaining a high jump height is advantageous to
performing many of the skills inherent to the sport. This study has identified that
jump height, and not anthropometry nor landing technique, explained the difference
in patellar tendon loading between the male and female volleyball players when
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landing from a lateral stop-jump block movement. These results support those of
another recent prospective study on the jumping ability of highly skilled volleyball
players where athletes who developed patellar tendinopathy were able to jump
higher in a countermovement jump at the time of study inclusion compared to
players who did not develop the injury (3). As frequent and high patellar tendon
loading are believed to be causative factors of patellar tendinopathy (1, 13), these
results suggest that men are likely more susceptible to developing patellar
tendinopathy as a result of generating higher patellar tendon loading upon landing,
primarily because they jump higher, on average, than women.

An increase in

landing velocity is associated with landing from a higher height (15) and translates
into greater momentum, given equal body mass, which must be absorbed during the
landing impact. For this reason, significant differences observed in patellar tendon
loading were likely due to the greater knee extensor moments generated by the men
to prevent their knees from collapsing when landing from a higher height compared
to the women.
When the men and women were matched for anthropometry, the men still
generated higher patellar tendon loading than the women. It has previously been
suggested that heavier players have greater muscle mass and, therefore, are able to
jump higher (18), although in the current study the men jumped higher than the
women when matched for body mass. This increased jump height likely resulted in
the higher patellar tendon loading generated by the male players.

Although a

previous retrospective study of male volleyball players identified greater prevalence
of patellar tendinopathy in players with a body mass of greater than 85 kg (4, 5), we
were unable to identify body mass as a critical factor in patellar tendon loading.
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In addition to anthropometric measurements such as height and body mass,
there are numerous other factors that differ between men and women, such as
hormones (31) and the morphology and material properties of the patellar tendon,
such as patellar tendon thickness and width (9). As some of these factors are likely
to influence stress in the patellar tendon, future research should investigate how sexdifferences in hormones, and morphology and material properties of the patellar
tendon affect patellar tendon loading, and in turn, predisposition to developing
patellar tendinopathy.
Study limitations
When interpreting the results of the present study, limitations inherent within
the study design and the data analysis techniques must be considered. Firstly, the
small participant numbers as a result of matching for jump height and anthropometry
may have masked potential between-group differences in landing technique
potentially resulting in these data being underpowered. Although three-dimensional
models exist for other lower-limb tendons (32, 33), a suitable patellar tendon
moment arm regression equation to calculate the patellar tendon force generated
during landing is currently unavailable. For this reason, we used a two-dimensional
model to estimate patellar tendon force. Given that the tendon is a complex threedimensional

structure,

a

two-dimensional

model

may

underestimate

and

oversimplify how the patellar tendon was loaded. As this study investigated healthy
asymptomatic players, it is suggested that future studies investigate whether these
between-sex differences are present in symptomatic players. Finally, patellar tendon
moment arm length was not individualised for each participant. Although betweensex differences in patellar tendon cross-sectional area have been reported (34),
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estimating patellar tendon moment arm length is acknowledged as challenging and
may introduce error into the patellar tendon force calculations.
PERSPECTIVES
These results indicate that jump height is the critical factor in patellar tendon
loading, whereby a higher jump height may ultimately predispose volleyball players
to a higher risk of developing patellar tendinopathy, irrespective of sex.

The

between-sex disparity in patellar tendinopathy may, therefore, merely be due to male
players landing from greater heights rather than being a sex-related difference in
technique per se. As superior performance in volleyball requires a high jump height,
reducing jump height is not a feasible strategy to reduce patellar tendon loading.
Patellar tendinopathy is an overuse injury; therefore, interventions designed to
modify the frequency of landings rather than trying to reduce the magnitude of
patellar tendon loading by altering jump height are recommended as a possible
strategy to reduce patellar tendinopathy prevalence in this population.
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Chapter 4
Are neuromuscular recruitment patterns related to
patellar tendon loading when landing from a jump, and
do these patterns differ between men and women?

This chapter is an amended version of the manuscript: Janssen I, Steele JR, Munro
BJ, et al. Sex differences in neuromuscular recruitment are not related to patellar
tendon load. Medicine and Science in Sports and Exercise 2014;46:1410-1416.

ABSTRACT
Although male volleyball players report a greater prevalence of patellar tendinopathy
than female players, it remains unknown whether higher patellar tendon loading
generated during landing by male players is related to sex-specific neuromuscular
recruitment patterns.

This study aimed to investigate the relationship between

neuromuscular recruitment patterns and patellar tendon loading during landing and
to determine whether there were any significant differences in lower limb
neuromuscular recruitment patterns displayed by male and female volleyball players
during landing. The neuromuscular recruitment patterns and patellar tendon loading
of 20 male and 20 female volleyball players performing a lateral stop-jump block
movement were recorded and calculated. Pearson product-moment correlations were
conducted to determine whether neuromuscular recruitment patterns were related to
the peak patellar tendon force or patellar tendon force loading rate generated at
landing. Independent t-tests were applied to a subset of data for 13 males and 13
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females matched for jump height to identify any between-sex differences in
neuromuscular recruitment patterns. Later onset of rectus femoris (r = 0.312), vastus
medialis (r = 0.455), and biceps femoris (r = 0.330) were significantly correlated
with a higher patellar tendon force loading rate, although these correlations values
were weak. Male volleyball players displayed significantly earlier biceps femoris
and semitendinosus onset, and significantly earlier peak semitendinosus activity
compared to their female counterparts. Although male and female volleyball players
displayed significantly different muscle onset times, these patterns were not strongly
related to patellar tendon loading at landing. It is likely that a multitude of factors,
including the frequency of patellar tendon loading, more strongly contribute to
developing patellar tendinopathy than neuromuscular recruitment patterns in
isolation.

INTRODUCTION
When landing from a jump, an individual’s neuromuscular system must coordinate
and control his or her lower extremity movement and generate a sufficiently high
knee extensor moment to prevent the lower extremity from collapsing into flexion.
In order to generate the knee extensor moment, the quadriceps muscles must be
activated before ground contact so that adequate muscular force is generated to
stabilise the lower limb joints at ground impact (1-3). In addition to resisting lower
limb collapse into flexion, the magnitude of the knee extensor moment will influence
patellar tendon loading, whereby a high knee extensor moment will increase patellar
tendon loading (4, 5). High patellar tendon loading, however, has been associated
with development of patellar tendinopathy, the most common overuse knee injury in
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volleyball (6, 7). Interestingly, the prevalence of patellar tendinopathy is more than
twice as high in male volleyball players compared to their female counterparts (7). It
remains unknown, however, whether underlying neuromuscular mechanisms can
explain the between-sex difference in patellar tendon loading generated during
landing.
In the only known study to investigate neuromuscular recruitment patterns
and patellar tendinopathy, male athletes who had an asymptomatic patellar tendon
abnormality (a potential precursor to developing patellar tendinopathy) created
similar patellar tendon loading and displayed earlier hamstring muscle onset when
landing from a forward stop-jump compared to a control group of male athletes (8).
How these differences in muscle recruitment are associated with patellar tendon
loading, or whether patellar tendon abnormality (developed as a result of higher
patellar tendon loading) is caused by altered muscle recruitment patterns adopted by
the athletes is unknown. As lower extremity muscle recruitment patterns are preprogrammed prior to landing (9), it is possible that a relationship exists between
lower limb neuromuscular recruitment patterns and the patellar tendon loading
generated during landing.
Several research groups have previously compared the neuromuscular
recruitment patterns displayed by male and female athletes from various sports to
identify whether neuromuscular factors may predispose these athletes to sustaining
knee injuries (10-14). These studies have investigated a diverse range of movement
tasks and have reported an equally diverse range of results.

For example, no

between-sex differences in lower limb muscle recruitment patterns were observed for
male and female basketball players when they performed a drop landing from 0.32 m
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above the ground (12). In contrast, men displayed a significant delay in hamstring
muscle onset and peak activation when performing a forward single-limb landing,
compared to women (14). None of the above studies, however, have compared the
neuromuscular recruitment patterns in male and female volleyball players when
landing from a sport-specific lateral stop-jump block movement. This is despite the
high incidence of patellar tendinopathy in the sport of volleyball and the higher
prevalence of injury in male players (7, 15), particularly in those performing lateral
stop-jump block movements, compared to female players (6). As a result, it remains
unexplored whether different muscle recruitment patterns exist for male and female
volleyball players for this type of movement.
Despite the importance of lower limb neuromuscular recruitment patterns
during landing, it remains unknown whether these patterns are related to patellar
tendon loading generated when landing from a jump, and whether these patterns
differ between men and women. Therefore, the purpose of this study was two-fold:
(i) to investigate the relationship between lower limb neuromuscular recruitment
patterns and patellar tendon loading generated when landing from a lateral stop-jump
block movement, and (ii) to determine whether there were any significant differences
in the lower limb neuromuscular recruitment patterns displayed by male and female
volleyball players during landing. Based on previous research, it was hypothesised
that: (i) earlier quadriceps muscle onset would be related to higher patellar tendon
loading, and (ii) there would be no difference in muscle onset and peak activation
between male and female volleyball players.
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METHODS
Participants
Twenty healthy male and 20 healthy female volleyball players who competed in
Australian state or reserve league volleyball competitions volunteered for this study.
A power analysis (G*Power, Germany) of previously published knee extensor
moment data (16) revealed that in order to obtain statistical power with a large effect
size, 13 male and 13 female participants were required. Additional participants were
recruited to allow for participant matching based on jump height.

Participant

exclusion criteria included an injury at the time of testing, a self-reported history of
lower limb surgery, equilibrium disorders, or orthopaedic or neurologic conditions
that could influence their lower limb biomechanics.

Although patellar tendon

abnormality, a history of knee injuries or patellar tendinopathy was not assessed, all
participants indicated they were injury free at the time of testing.

All testing

procedures were approved by the University of Wollongong Human Research Ethics
Committee (HE09/081) and the Australian Institute of Sport Ethics Committees
(20100107).

Testing was conducted in the Biomechanics Laboratory at the

Australian Institute of Sport and written informed consent was obtained from all
participants before commencing data collection.
Experimental landing task
While wearing their own indoor sports shoes, the participants performed a lateral
stop-jump block movement, which has been described in Chapter 2 and Figures 4
and 5. In brief, a volleyball was mounted on a post with the centre of the ball 0.15 m
above the regulation net height of 2.43 m and 2.24 m for the male and female
participants, respectively, and 0.15 m into the opposing court (17). Participants
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faced the net before moving laterally towards the ball, jumped up and were
instructed to touch and block the volleyball with both hands, before landing with
each foot positioned on a separate force platform. Each participant set his or her
own starting distance away from the stationary ball, according to his or her stride
length and movement technique. The experimental movement was repeated until
five successful block landings were performed, requiring an average of 9 (range = 5
to 18) trials. A 30 s rest was provided between each trial to prevent fatigue affecting
their performance (18). Participants were not made aware of the force platform
locations in order to prevent targeting.
Data collection and analysis
Patellar tendon loading
Two 0.60 x 0.90 m calibrated Kistler multi-component force platforms with built-in
charge amplifiers (model 9276BA, Kistler Instrumente, Winterthur, Switzerland)
sampled (1,500 Hz) the three-dimensional ground reaction forces generated by each
participant during landing.
Each participant’s landing technique during the experimental task was
monitored using a total of 70 retro-reflective markers (14 mm diameters) in
accordance with the University of Western Australia marker set (19, 20). Fourteen
Vicon motion analysis cameras (250 Hz; MX13 and MX40; Oxford Metrics Ltd,
Oxford, UK) collected the marker trajectories. Standard procedures were followed
to conduct a static and dynamic wand calibration procedure and to ensure a residual
pixel error less than 0.25 pixels at the start of each testing session (21). Jump height
was calculated during the experimental movement as displacement of each
participant’s posterior superior iliac spine markers from when they were in the
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standing position to the highest position their markers attained during the
experimental task.
A fourth-order zero-lag Butterworth digital low pass filter (fc = 16 Hz) was
used to filter the raw ground reaction force and kinematic data collected during each
landing trial (22).

Joint angle and inverse dynamic calculations for each

participant’s lead (left) lower limb were then performed, using Vicon Workstation
software (version 4.6, Oxford Metrics, UK) and body segment data (23), in order to
calculate the internal knee extensor moment generated during landing. These data
were then used to calculate two variables that were deemed to characterise patellar
tendon loading: (i) peak patellar tendon force normalised to body weight (BW),
calculated as the sagittal plane internal knee extensor moment divided by the patellar
tendon moment arm (5) (estimated by a regression equation using knee flexion angle
(4)), and (ii) patellar tendon force loading rate (BW/s), defined as the rate of loading
from initial foot-ground contact until the time of the peak patellar tendon force. A
landing cycle was defined from the instant the vertical ground reaction force
exceeded 10 N for each force platform (initial foot-ground contact) to the time at
which the peak patellar tendon force occurred for each limb.
Neuromuscular recruitment patterns
Electromyographic (EMG) data were recorded using pairs of pre-gelled silver/silver
chloride bipolar surface electrodes (0.01 m in diameter contact area; fixed interelectrode distance of 0.02 m; Viasys NeuroCare Inc, Madison, WI). In order to
investigate the role of the major lower limb muscles that are responsible for
controlling landing and dissipating the landing forces, electrodes were applied
bilaterally over the muscle bellies of medial gastrocnemius, semitendinosus, biceps
femoris, rectus femoris, vastus medialis, and gluteus maximus in accordance with
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the SENIAM guidelines (24). A reference electrode (3M HealthCare, Pymble City,
Australia) was placed on each participant’s sacrum. The electrode placement sites
were shaved, abraded and cleaned with skin prep gel prior to electrode placement.
The muscle bellies were identified with each participant in standing, except the
gluteus maximus, and confirmed by palpating the muscles during an isometric
contraction. The muscle belly of the gluteus maximus was identified during an
isometric contraction with the participant in a prone position. The EMG data were
recorded with a Noraxon Telemyo 2400TG2 transmitter (1,500 Hz; bandwidth = 10500 Hz; Noraxon USA Inc, Scottsdale AZ) strapped to the lower back of each
participant and the EMG signals were relayed to a Telemyo 2400RG2 analogue
output receiver.

In order to improve repeatability and reduce error, the same

researcher [IJ] positioned all the markers and electrodes on the participants. The
kinetic, kinematic, and electromyographic data were synchronised and collected
using Vicon Nexus software (version 1.5.1, Oxford Metrics, UK).
Raw EMG signals were filtered using a fourth-order zero-lag Butterworth
digital high pass filter (fc = 20 Hz) to reduce affects of movement artefact. The
filtered EMG data were then full wave rectified and a similar low pass filter (fc = 22
Hz) was used to obtain linear envelopes. Signals were visually inspected for quality
of recording and muscle burst onsets were identified when the linear envelope
exceeded a threshold of 8% of the maximum amplitude (14) using customised
software (LabView 10, National Instruments, Austin, TZ). The timing of muscle
onsets and the timing of the peak muscle activation relative to the time of the peak
patellar tendon force (ms) were calculated for each of the six muscles to characterise
the neuromuscular recruitment patterns used during the landing movement.
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Statistical analysis
Consistent with previous research (25), during landing the participants generated
significantly greater patellar tendon force on their lead limb (5.09 ± 0.82 BW)
compared to their trail limb (4.59 ± 0.73 BW; P ≤ 0.001). Therefore, analyses were
only conducted on data derived from each participant’s lead limb. The data were
grouped two ways for analysis: (i) all 40 participants (age = 23.3 ± 4.7 years; body
height = 1.79 ± 0.09 m; body mass = 76.61 ± 13.43 kg), and (ii) 13 male (age = 23.2
± 6.0 years; body height = 1.88 ± 0.05 m; body mass = 85.83 ± 11.96 kg; jump
height = 0.46 ± 0.06 m) and 13 female (age = 22.0 ± 4.0 years; body height = 1.70 ±
0.04 m; body mass = 68.47 ± 9.19 kg; jump height = 0.42 ± 0.03 m) players who
were matched for jump height to account for between-sex differences in patellar
tendon loading which may be caused by jump height. The attained jump height of
each participant was ranked from lowest to highest per sex and a series of
independent samples t-tests were then conducted by eliminating the highest male and
lowest female jump heights until no significant difference between the groups was
found.
In order to test Hypothesis (i), Pearson product moment correlation
coefficients (r) were then calculated between the variables characterising the
neuromuscular recruitment patterns and patellar tendon loading using the data
obtained for all 40 participants. The purpose of this analysis was to determine
whether the neuromuscular recruitment patterns displayed by the participants during
landing were related to the peak patellar tendon force or the patellar tendon force
loading rate generated during the experimental movement. The strength of the
correlations were interpreted as weak (≤ 0.50), low (0.5 to 0.7), moderate (0.7-0.8),
or strong (≥ 0.9) (26). Statistical significance was set at P ≤ 0.05 and all statistics
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were performed using statistical software (IBM SPSS Statistics 20.0.0; Somers, NY).
To test Hypothesis (ii), a series of independent t-tests were conducted to determine
whether there were any significant between-sex differences in the neuromuscular
recruitment patterns and patellar tendon loading when the 13 male and 13 female
participants were matched for jump height. Due to the exploratory nature of the
study, no alpha level adjustments were deemed necessary as they can increase the
likelihood of incurring a Type II error (27).
RESULTS
Patellar tendon loading and neuromuscular recruitment
When the neuromuscular recruitment data derived for all participants were correlated
with the variables characterising patellar tendon loading, significant positive
correlations were found between the onset of the quadriceps and hamstring muscles
and patellar tendon loading (see Table 6). Specifically, later onset of the rectus
femoris, vastus medialis, and biceps femoris muscles were significantly and
positively correlated with higher patellar tendon force loading rate, although the
correlation coefficients were weak. The coefficient of determination (r2) identified
that approximately 20% of the variation in patellar tendon force loading rate was
directly attributable to the onset of the vastus medialis muscle and 10% to the onset
of the rectus femoris and the biceps femoris muscles.
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Table 6: Correlation coefficients (r) and the coefficient of determination (r2)
calculated between the neuromuscular recruitment variables and patellar tendon
loading generated when all 40 participants landed from a lateral stop-jump block
movement.
Peak Patellar
Tendon Force
r
value
Gastrocnemius
Semitendinosus
Biceps femoris
Rectus femoris
Vastus medialis
Gluteus maximus

r2
value

Patellar Tendon Force
Loading Rate

P
value

r
value

r2
value

P
value

Muscle onset

-0.062

0.004

0.709

0.148

0.022

0.369*

Peak activation

-0.269

0.072

0.097

-0.032

0.001

0.847*

Muscle onset

0.013

0.000

0.936

0.290

0.084

0.069*

Peak activation

-0.019

0.000

0.906

0.181

0.033

0.262*

Muscle onset

0.057

0.003

0.726

0.330

0.109

0.038*

Peak activation

0.059

0.003

0.716

0.189

0.036

0.242*

Muscle onset

0.183

0.033

0.259

0.312

0.097

0.050*

Peak activation

-0.184

0.034

0.255

-0.113

0.013

0.487*

Muscle onset

0.271

0.073

0.095

0.455

0.207

0.004*

Peak activation

-0.054

0.003

0.746

-0.035

0.001

0.834*

Muscle onset

0.073

0.005

0.655

0.184

0.034

0.255*

Peak activation
0.049
0.002
0.764
0.104
0.011 0.525*
*a positive correlation denotes that later muscle activation was associated with a faster patellar tendon
force loading rate.

Sex differences in neuromuscular recruitment
When matched for jump height, no significant differences were observed between
the male and female players for peak patellar tendon force (5.31 ± 0.80 BW versus
4.87 ± 0.76 BW; P = 0.157) or the patellar tendon force loading rate (35.81 ± 11.25
BW/s versus 35.90 ± 9.10 BW/s; P = 0.982) generated during landing. The male
volleyball players, however, displayed significantly earlier semitendinosus and
biceps femoris muscle onset compared to their female counterparts (see Figure 7).
Additionally, the men attained peak semitendinosus activity prior to the time of the
peak patellar tendon force whereas the women attained peak activation of the same
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muscle after the time of the peak patellar tendon force (see Figure 7). No other
significant differences in muscle onset or peak muscle activity were observed.
DISCUSSION
The lower limb muscles play a critical role in attenuating the high impact forces
generated at initial foot-ground contact when landing from a jump (28). Despite
various studies investigating lower extremity neuromuscular recruitment strategies
used in landing, little is known about how these strategies are related to patellar
tendon loading generated when landing from a sport-specific lateral stop-jump block
movement in male and female volleyball players. Results of the present study have
revealed that, when matched for jump height, between-sex differences in
neuromuscular recruitment patterns were evident despite the fact that no difference
in patellar tendon loading was observed.

Furthermore, later quadriceps and

hamstring muscle onset were significantly related to a faster patellar tendon force
loading rate, although the correlations were weak. How these results provide insight
into the relationship between patellar tendon loading and neuromuscular activation
patterns, with implications for the development of patellar tendinopathy, is discussed
below.
Patellar tendon loading and neuromuscular recruitment
When data from all 40 participants were combined, significant positive correlations
were observed between the onset of the quadriceps and hamstring muscles and the
patellar tendon force loading rate. That is, the later the quadriceps and hamstring
muscles were recruited, the faster the patellar tendon force was generated.
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Figure 7: The onset of muscle activation (A) and the time of the peak muscle
activation, (B) (mean ± standard deviation) relative to the time of the peak patellar
tendon force (time 0) generated during landing when male (n = 13) and female (n =
13) volleyball players were matched for jump height. The shaded area represents
timing (mean ± standard deviation) of the initial foot-ground contact. *Indicates a
significant between-sex difference (P ≤ 0.05). A negative value indicates that the
variable occurred prior to the time of the peak patellar tendon force.
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To our knowledge, this is the first study to find a significant relationship between
neuromuscular recruitment patterns and patellar tendon force loading rates during
landing in a lateral stop-jump block movement. These correlations were, however,
weak with less than half the variation in the patellar tendon force loading rate
attributable to its relationship with the muscle onset times. We recommend that
future research recruit a much larger cohort of male and females participants in order
to be able to conduct sex-specific correlations between the quadriceps and hamstring
muscle onset and the patellar tendon force loading rate to further explore this
relationship.
In the sport of volleyball, a high amount of concentric and eccentric
quadriceps activation is essential to perform the high volume of jumps and landings.
Eccentric quadriceps activation is needed to control knee flexion during landing and
the quadriceps muscles are the primary energy dissipaters required to decrease the
body’s vertical momentum (28). In addition, quadriceps muscle contraction applies
an anterior shear force through the patellar tendon to the tibia (29). Previously, it
was identified that earlier activation of the vastus lateralis and rectus femoris
improves the body’s response to the landing surface (30) and earlier vastus medialis
activation leads to a stable landing (2). The relationship between the onset of the
quadriceps muscles and patellar tendon force loading rate suggests that with later
quadriceps recruitment there may be less time to control knee flexion and dissipate
the forces generated during landing, possibly increasing the loading rate of the
patellar tendon force compared to athletes with earlier quadriceps muscle activation,
particularly due to the potential reactive nature of block landings. However, further
research is warranted to support or refute this notion.
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Similar to the quadriceps muscle relationship, later onset of the hamstring
muscles were found to be weakly correlated with a greater patellar tendon force
loading rate. During landing, biarticular hamstring activation also affects dynamic
knee stability by controlling tibial rotation (31).

Neuromuscular recruitment

strategies incorporating earlier hamstring activation have, therefore, been suggested
to offer optimal protection of the anterior cruciate ligament (32). In addition, it is
possible that earlier hamstring activation may indicate a lower peak hamstring
moment, requiring a lower quadriceps moment and, in turn, a reduction in peak
patellar tendon force during landing.

Earlier hamstring activation may be an

underlying neuromuscular pattern that assists to gradually dissipate the patellar
tendon force over a longer time period and, in turn, reduce the patellar tendon force
loading rate, although this notion again requires further investigation.
Sex differences in neuromuscular recruitment
Matching the male and female volleyball players in the present study for jump height
accounted for differences in the participants’ centre of mass velocities (33) at
landing. Despite being matched for jump height and generating similar peak patellar
tendon loading, between-sex differences in the recruitment strategies of the lower
limb muscles used to stabilise the knee at landing were evident. High variability in
the electromyography data, however, was observed for both groups (see Figure 7),
implying that both male and female volleyball players used a variety of lower limb
neuromuscular recruitment strategies when landing. This is consistent with the
results of a previous landing study, which compared male and female basketball
players (34), where high muscle onset variability was observed not only within each
participant group but also within individual athletes from trial to trial.
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Irrespective of the variability, all participants activated one of the lower limb
muscles we measured before initial foot-ground contact (approximately 150 ms
before the peak patellar force; see Figure 7), with the gastrocnemius and hamstring
muscles typically being recruited before the quadriceps muscles, followed by the
gluteal muscles. Consistent with previous studies (2, 35, 36), this confirms that the
participants’ muscle recruitment strategies during a lateral stop-jump block
movement were pre-programmed in response to their previous landing experience.
This muscle recruitment pattern was also similar to that previously reported in dual
limb landings from both a horizontal and a vertical jump (8). A different recruitment
pattern, however, was observed for single limb landings from a forward leap,
whereby the participants initially recruited semimembranosus followed by vastus
medialis, biceps femoris, vastus lateralis, and then rectus femoris (14). These results
suggest that similar neuromuscular recruitment patterns are employed when
performing a dynamic dual-limb landing regardless of movement direction, although
dual and single-limb landings utilise different neuromuscular recruitment strategies.
The sequence of peak lower limb muscle activity has been identified as
having a significant role during landing (1). The male participants in the present
study attained peak semitendinosus activity before the time of the peak patellar
tendon force whereas the women attained peak semitendinosus activation after this
same critical event during landing.

We speculate that, accounting for

electromechanical delay, the men’s peak hamstring activity coincided better with the
time of the peak patellar tendon force than the women’s peak hamstring activity.
Greater synchrony between muscle onset time and the time of the peak patellar
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tendon force may increase tibiofemoral joint stability, enabling the quadriceps and
hamstring muscle to act as synergists during the landing movement (14).
Previous

researchers

have

found

no

between-sex

differences

in

neuromuscular recruitment strategies for basketball players performing a drop
landing (12, 34), or delayed hamstring onset and peak activation in male participants
performing a forward single-limb landing compared to female participants (14).
These studies, however, compared the neuromuscular strategies relative to initial
foot-ground contact, making comparisons with the current results difficult.
Nevertheless, Medina and colleagues (12) speculated they did not observe a
between-sex difference in neuromuscular recruitment patterns due to the similarity in
physical conditioning of the athletes as a consequence of their basketball training. In
the current study, similar physical conditioning is also expected, as all athletes were
volleyball players of the same playing level, although between-sex differences were
still observed. For this reason, we suggest that volleyball players from various
playing levels be compared in order to identify whether playing level may affect the
neuromuscular recruitment patterns displayed during landing.
As the timing of neuromuscular recruitment has previously been linked to
knee injuries, several research groups (12, 28, 37, 38) have investigated whether
neuromuscular recruitment patterns can be trained.

Clinically, patellar tape

interventions were able to change vasti muscle temporal activation in patients with
patellofemoral pain syndrome and it was suggested these neuromuscular changes
were a result of altered proprioceptive feedback (37). However, neither verbal
instructions (38) nor sport-specific training (12) were able to alter hamstring muscle
activation during dynamic landings tasks, although both resulted instead with earlier
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quadriceps muscle activation.

In the current study, healthy volleyball players

demonstrated a large variability in their neuromuscular recruitment patterns and no
significant correlation between the neuromuscular recruitment strategies and the
peak patellar tendon force was observed. We speculate that these results imply that
healthy,

uninjured

volleyball

players

might

adopt

their

own

individual

neuromuscular recruitment strategies, which are specific to their lateral stop-jump
block landing technique. It remains unknown, however, whether similar findings
exist in other volleyball-specific jump landing movements such as the forwardmoving spike jump. These individual neuromuscular recruitment patterns are likely
to develop over time to best protect an individual against incurring an injury during
lateral-moving dynamic landing tasks. If this assumption is correct, it is suggested
that patellar tendinopathy injury prevention programs, for both male and female
volleyball players, should not attempt to alter or interfere with the neuromuscular
recruitment strategies displayed by healthy, uninjured volleyball players. Instead,
other aspects of volleyball landing, such as training volume and jump height, should
be the focus of training programs, while allowing individual athletes to self-select
their own neuromuscular recruitment patterns.
It is acknowledged that there are limitations inherent in the current study
design. This study investigated the lateral stop-jump block movement due to the
high prevalence of patellar tendinopathy of athletes in these positions. In the sport of
volleyball, however, the blocking motion may be reactive or unanticipated.
Therefore, it is suggested that future studies investigate the neuromuscular
recruitment patterns of unanticipated lateral stop-jump block movements. Using an
inverse dynamics analysis assumes that there is no co-contraction of the quadriceps
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and hamstring muscles, which may underestimate the patellar tendon force and
contribute to errors in the net knee joint moments. Furthermore, estimating patellar
tendon moment arm length is acknowledged as challenging and may introduce error
into the patellar tendon force calculations.

Finally, it has been suggested that

hormonal fluctuations during the menstrual cycle may influence neuromuscular
control by way of knee joint laxity and muscle stiffness (39).

However, the

menstrual cycle phase of the female participants was not controlled or accounted for
in the present study and may have affected the neuromuscular recruitment strategies
displayed by the female participants.
CONCLUSIONS
When matched for jump height, male and female volleyball players displayed
significantly different muscle onset times during landing.

These differences in

neuromuscular recruitment strategies, however, were only weakly associated with
patellar tendon force loading rate during landing and were not significantly
associated with the magnitude of the patellar tendon force. These results suggest that
the male volleyball players displayed neuromuscular recruitment strategies which are
advantageous for generating lower patellar tendon loading during landing. However,
as the patellar tendinopathy prevalence is greater in men than women, it likely that a
multitude of factors, such as the frequency of patellar tendon loading and jump
height, more strongly contribute to developing patellar tendinopathy and the sex
discrepancy in injury rates than neuromuscular recruitment patterns in isolation.
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Chapter 5
Do patellar tendinopathy risk factors differ between
highly skilled and skilled volleyball players?
This chapter is an amended version of the manuscript: Janssen I, Steele JR, Munro
BJ, et al. Previously identified patellar tendinopathy risk factors differ between elite
and sub-elite volleyball players. Scandinavian Journal of Medicine and Science in
Sports 2014; doi: 10.1111/sms.12206.

ABSTRACT
Patellar tendinopathy is the most common overuse knee injury incurred in volleyball
with its prevalence in highly skilled athletes more than three times that of their lesser
skilled counterparts. The purpose of this study was to determine whether previously
identified patellar tendinopathy risk factors differed between highly skilled and
skilled male volleyball players. Nine highly skilled and nine skilled male volleyball
players performed a lateral stop-jump block movement. Maximum vertical jump,
training history, muscle extensibility and strength, three-dimensional landing
kinematics (250 Hz), along with lower limb neuromuscular activation patterns (1,500
Hz), and patellar tendon loading were collected during each trial.

MANOVA

analyses (P ≤ 0.05) assessed for between-group differences in risk factors or patellar
tendon loading. Significant interaction effects were further evaluated using post-hoc
univariate ANOVA tests. Highly skilled players participated in a higher training
volume and had less quadriceps muscle extensibility than skilled players. However,
no between-group differences in maximum vertical jump, muscle strength, landing
kinematics, neuromuscular recruitment patterns, or patellar tendon loading were
86

Chapter 5

observed.

High training volume is likely the primary contributor to the injury

discrepancy between highly skilled and skilled volleyball players. Interventions
designed to reduce the frequency of landings and improve quadriceps muscle
extensibility are recommended to reduce patellar tendinopathy prevalence in
volleyball players.

INTRODUCTION
The most common overuse knee injury incurred in volleyball is patellar tendinopathy
or “jumper’s knee”, with up to 45% of male volleyball players likely to sustain this
injury at some point in their careers (1, 2). Injury prevalence data further indicates a
large discrepancy in the number of injuries sustained among different skill, or
playing, levels, where it is assumed that players who compete at higher levels of
representation are more technically skilful. Highly skilled athletes, such as those
who compete at international level, are up to three times more likely to develop
patellar tendinopathy compared to those who have not attained this high
representative standard (1, 3).

Although frequent high patellar tendon force

exposure during landing is thought to lead to patellar tendinopathy (4, 5), in Chapter
2 it was shown that skill level could not predict the magnitude of patellar tendon
loading when volleyball players performed a lateral stop-jump block movement. We
therefore propose that factors other than skill level explain the higher incidence of
patellar tendinopathy in highly skilled players compared to recreational athletes.
Several risk factors have previously been associated with individuals who
develop patellar tendinopathy such as being male (1), heavy (6), exposed to a high
training volume (7, 8), and being able to jump high (9). Furthermore, it is speculated
that factors such as lower quadriceps and hamstring muscle extensibility (10, 11) and
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greater quadriceps muscle strength (6) increase tendon strain, transmit greater forces
through the patellar tendon, and lead to greater patellar tendinopathy prevalence.
Isokinetic testing can be used to quantify concentric and eccentric quadriceps
muscles strength to identify whether between-participant differences in quadriceps
muscle strength exist, and whether they affect a participant’s landing technique. In
Chapter 2 it was identified that male volleyball players with greater quadriceps
muscle strength were predicted to incur higher patellar tendon loading and, therefore,
it is possible that these patellar tendinopathy risk factors may vary between players
of different skill levels and help to explain the between-skill differences in patellar
tendinopathy prevalence.
Landing from a jump requires a high level of coordination and control.
McNitt-Gray (12) demonstrated that highly skilled male gymnasts displayed a
distinct landing technique when performing drop landings that was characterised by
greater knee and hip extension compared to recreational athletes. Chapter 2 also
demonstrated that male volleyball players who displayed increased ankle
dorsiflexion and trunk flexion angular velocity during landing were predicted to
incur high patellar tendon loading. As patellar tendon loading is influenced by
several factors, including sagittal plane tibial and femoral movements (13) and the
knee extensor moment generated during the landing action (14, 15). Although skill
level was not found to be a predictor of patellar tendon load in Chapter 2, it is
possible that, compared to skilled volleyball players, highly skilled volleyball
players might display distinctly different kinematics during landing, particularly
during the performance of volleyball-specific landing movements. Skill development
through practice can also lead to more efficient movements, potentially requiring less
or more synchronous neuromuscular activity (16, 17). As the quadriceps muscles
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must generate adequate muscular force to stabilise the lower limb joints at ground
impact (18, 19), between-skill level differences in landing kinematics or
neuromuscular recruitment patters may, in turn, affect the patellar tendon loading
generated during landing.
As described above, Chapter 2 highlighted relationships between patellar
tendon loading with several risk factors including muscle extensibility, muscle
strength, and landing technique. Despite the large discrepancy in injury prevalence
between highly skilled and skilled volleyball players, skill level was not identified as
a significant predictor of patellar tendon loading. Understanding which patellar
tendinopathy risk factors discriminate between highly skilled and skilled volleyball
players is essential to develop evidence-based intervention strategies for reducing
patellar tendinopathy prevalence.

Therefore, the purpose of this study was to

determine whether previously identified patellar tendinopathy risk factors (i.e.
maximum vertical jump, training volume, muscle extensibility, quadriceps muscle
strength, landing technique and patellar tendon loading generated when landing from
a volleyball-specific movement) differed between highly skilled and skilled male
volleyball players. It was hypothesised that highly skilled volleyball players would
have a higher vertical jump, participate in a higher training volume, have greater
quadriceps muscle strength, lower quadriceps and hamstring muscle extensibility,
increased ankle dorsiflexion and trunk flexion velocity, and generate greater patellar
tendon loading during landing compared to skilled players.
METHODS
Participants
To allow participants to be matched for anthropometry (20, 21), 10 highly skilled
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male and 20 skilled male volleyball players were initially recruited. The highly
skilled players were members of the Australian Men’s National Volleyball Team or
the Australian Institute of Sport squad, whereas the skilled players competed in state
or reserve league volleyball competitions. Participants were excluded from the study
if they self-reported a history of lower limb surgery, equilibrium disorders, or
orthopaedic or neurologic conditions that could influence their lower limb
mechanics. The presence of patellar tendon abnormality was not assessed, although
participants were recruited from a cohort without current symptoms of patellar
tendinopathy. Nine highly skilled players (age = 21.0 ± 2.7 years; body height =
1.97 ± 0.09 m; body mass = 88.0 ± 9.9 kg) were then matched for body height (P =
0.334) and body mass (P = 0.081) with nine skilled players (age = 24.2 ± 6.2 years;
body height = 1.91 ± 0.04 m; body mass = 83.3 ± 11.1 kg). The University of
Wollongong Human Research Ethics Committee (HE09/081) and the Australian
Institute of Sport Ethics Committee (20100107) approved all testing procedures and
written informed consent was obtained from all participants.
Patellar tendinopathy risk factors
The following variables were selected for analysis due to their previous association
with individuals who develop patellar tendinopathy (6-10). As high patellar tendon
loading has been related to the development of patellar tendinopathy (1, 5), this was
also measured. Each participant’s lead limb was used as the test limb throughout the
current investigation as volleyball players generate significantly greater patellar
tendon force in the lead limb compared to the trail limb when performing a lateral
stop-jump block movement (22; see Chapter 2).
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Maximum vertical jump
Following standard procedures (21), the maximum height reached during three
attempts of a countermovement vertical jump was determined (Yardstick®; Swift
Performance Equipment, Lismore, Australia). The difference between the standing
reach height and the maximum height reached during the countermovement jump
determined a participant’s maximum vertical jump height to the nearest 0.01 m.
Training history
Each participant completed a volleyball training history questionnaire (see Appendix
1). Training history characteristics that were collected included the number of years
playing volleyball, the number of volleyball training sessions per week, the number
of hours of each training session, and the number of weight training hours per week
the athlete participated in (4).
Muscle extensibility
Quadriceps muscle extensibility was assessed using the modified Thomas test ((23)
with the participant lying supine. Each participant held their contralateral hip in
maximal flexion to flatten the lumbar spine and lowered their test limb towards the
floor. The angle between the long axes of the femoral and tibial segments was
measured (degrees) and subtracted from 180°. The hamstrings were assessed using
the active knee extension test (24) whereby each participant flexed the hip of their
test limb to 90° flexion and actively extended the knee. The angle between the
longitudinal axes of the femoral and tibial segments was measured and subtracted
from 180°. All measurements were taken in triplicate with the median value used for
analysis.
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Quadriceps muscle strength
Isokinetic concentric and eccentric quadriceps muscle strength were assessed for
each participant at 60º/s, 180º/s, and 240º/s using a dynamometer (Humac Norm
Testing and Rehabilitation System; Computer Sports Medicine, Inc., Stoughton,
MA, USA, version 9.5.2) following a standardised protocol (25). Two days prior to
testing, each participant performed a familiarisation session. For each test velocity,
the participants performed three warm up repetitions, received a 30 s rest, and then
performed five maximal contractions, with 1 min rest provided between each test
velocity. Peak torque (Nm), gravity-corrected and normalised to body mass, was
recorded for each participant.
Landing technique
After completing the above assessments and a warm-up, the landing technique of
each participant was assessed while they performed a lateral stop-jump block
movement. Jump height was standardised by positioning a volleyball 0.15 m above
a regulation net (2.43 m) and 0.15 m into the opposing court (26). Participants were
instructed to perform the lateral stop-jump block movement while facing the net and
approached the ball moving to the left using one step. Following a block of the
mounted volleyball, participants landed with each foot positioned entirely on a
separate force platform, although they were unaware of the platform locations. This
final landing was the focus of the current investigation. Five successful block
landings were performed with 30 s rest between each trial.
Three-dimensional trajectories of retro-reflective markers (14 mm diameter;
University of Western Australia marker set; (27, 28) were collected using a
calibrated Vicon motion analysis system (250 Hz; 14 MX13 and MX40 cameras;

92

Chapter 5

Oxford Metrics Ltd, Oxford, UK). Lower limb and trunk kinematics at the time of
initial foot-ground contact and at the time of the peak patellar tendon force were
calculated and used to characterise landing technique. Three-dimensional ground
reaction forces (1,500 Hz) generated during landing were collected using two multicomponent force platforms (9287BA, Kistler Instrumente, Winterthur, Switzerland).
The raw kinematic and ground reaction force data were filtered with a fourth-order
zero-lag Butterworth digital low pass filter (fc = 16 Hz). Internal knee joint moments
were then calculated using standard inverse dynamics (29) by combining the filtered
kinematic data and ground reaction force data.
Neuromuscular recruitment patterns during landing
Pairs of pre-gelled silver/silver chloride bipolar surface electrodes (0.01 m diameter;
fixed inter-electrode distance of 0.02 m; Viasys NeuroCare Inc, Madison, WI)
recorded surface electromyography (EMG) from the muscle bellies of rectus
femoris, vastus medialis, biceps femoris, semitendinosus, medial gastrocnemius, and
gluteus maximus. A reference electrode (3M HealthCare, Pymble City, Australia)
was placed on the sacrum.

Before electrode placement, the skin was shaven,

abraded, and cleaned with skin prep gel.

Electrode wires and amplifiers were

secured to the participant’s leg to reduce movement artefact. A Noraxon Telemyo
2400TG2 transmitter (1,500 Hz, bandwidth = 10-500 Hz; Noraxon USA Inc,
Scottsdale AZ) strapped to the lower back recorded the EMG data and the signals
were relayed to a Telemyo 2400RG2 analogue output receiver.
To remove movement artefact, raw EMG signals were filtered using a fourthorder zero-lag Butterworth digital high pass filter (fc = 20 Hz). The filtered EMG
data were then full wave rectified and, using a similar filter, low pass filtered (fc = 22
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Hz) to obtain linear envelopes.

Customised software (LabView 10, National

Instruments, Austin, TZ) identified muscle burst onsets as the point at which the
linear envelope exceeded a threshold of 8% of the maximum amplitude (30). For
each of the six muscles, timing of muscle onsets and peak muscle activity relative to
the time of the peak patellar tendon force were calculated.
Patellar tendon loading
Filtered knee joint moments were used to calculate two variables that characterised
patellar tendon loading: peak patellar tendon force (BW) and patellar tendon force
loading rate (BW/s). Details pertaining to how these variables were calculated have
been described in Chapter 2 ((14, 15).
Statistical analysis
Descriptive statistics for the outcome variables characterising patellar tendinopathy
risk factors, including landing technique and the neuromuscular recruitment patterns
during landing, were calculated. An independent t-test was conducted to determine
whether there was a significant difference in the maximum jump height between the
highly skilled and skilled participants (IBM SPSS Statistics 20.0.0; Somers, NY). A
series of multivariate analysis of variance (MANOVA) analyses were then
conducted on the remaining variables to determine whether there were any
significant differences in the outcome variables between the highly skilled and
skilled participants.

MANOVA tests were grouped as training history, muscle

extensibility, muscle strength, landing kinematics, neuromuscular recruitment
patterns, and patellar tendon loading. If significant interaction effects were found,
between-skill level differences were further evaluated using post-hoc univariate
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ANOVA tests. An adjustment to the alpha level (P ≤ 0.05) was not made due to the
exploratory nature of the study (31).
RESULTS
Patellar tendinopathy risk factors
Maximum vertical jump
Compared to the skilled players, on average the highly skilled players were able to
attain a higher maximum vertical jump, although this difference was not statistically
significant (see Table 7).
Training history
Significant between-group differences in training history were observed (F(5,12) =
7.990, P = 0.002, Wilk’s Λ = 0.231, partial η2 = 0.769). Although no differences
were observed in the number of years playing volleyball, highly skilled players
participated in a significantly greater number of training sessions per week and a
greater number of hours per training session, resulting in a greater number of training
hours per week compared to the skilled players (see Table 7). Additionally, the
highly skilled players participated in a significantly greater number of weight
training hours per week compared to the skilled players.
Muscle extensibility
Significant between-group differences in muscle extensibility were observed (F(5,12)
= 3.292, P = 0.042, Wilk’s Λ = 0.422, partial η2 = 0.578). The highly skilled players
displayed significantly lower quadriceps muscle extensibility compared to the skilled
players (see Table 7), but no significant between-skill level difference in hamstring
muscle extensibility was observed.
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Table 7: Mean ± standard deviation values for maximum vertical jump, training
history, muscle extensibility, and quadriceps muscle strength for the highly skilled (n
= 9) and skilled (n = 9) volleyball players. *Denotes significant differences between
the two groups as evaluated by a univariate ANOVA following a significant
MANOVA interaction effect (P ≤ 0.05).
Highly
Skilled

Skilled

P-value

0.61 ± 0.07

0.58 ± 0.06

0.217*

Number of years playing

06.9 ± 2.8

08.6 ± 5.4

0.411*

Training sessions per week

08.4 ± 1.6

03.6 ± 1.4

<0.001*

Number of hours per session

02.6 ± 0.4

02.1 ± 0.3

0.013*

Training hours per week

22.4 ± 7.0

07.9 ± 5.3

<0.001*

Weight training per week (hours)

04.7 ± 1.4

01.4 ± 2.2

0.002*

Quadriceps

42.9 ± 7.9

56.6 ± 10.8

0.007*

Hamstrings

22.4 ± 7.4

32.0 ± 12.5

0.066*

60º/s concentric

2.69 ± 0.33

2.42 ± 0.53

60º/s eccentric

2.73 ± 0.24

2.57 ± 0.59

180º/s concentric

2.08 ± 0.21

1.69 ± 0.27

180º/s eccentric

2.61 ± 0.22

2.43 ± 0.62

240º/s concentric

1.78 ± 0.20

1.43 ± 0.28

240º/s eccentric

2.63 ± 0.18

2.46 ± 0.55

Maximum vertical jump (m)
Training history

Muscle extensibility (º)

Quadriceps muscle strength (Nm/kg)

The MANOVA analyses did not determine any significant interaction effects between-skill level
differences in quadriceps muscle strength.

Quadriceps muscle strength
No significant between-skill level differences in quadriceps muscle strength were
observed at any test velocity (F(6,10) = 1.374, P = 0.313, Wilk’s Λ = 0.548, partial η2
= 0.452; see Table 7).
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Landing technique
There were no significant between-skill level differences in any of the lower limb or
trunk kinematics when comparing the highly skilled and skilled players (F(14,3) =
0.895, P = 0.624, Wilk’s Λ = 0.193, partial η2 = 0.807; see Table 8).

Table 8: Variables characterising landing kinematics (mean ± standard deviation)
displayed by the highly skilled (n = 9) and skilled (n = 9) volleyball players at the
time of the peak patellar tendon force. Average angular velocity was calculated from
initial foot-ground contact to the time of the peak patellar tendon force.
Variable

Highly Skilled

Skilled

Ankle DF/PF (º)

-35.5 ± 4.40

-36.9 ± 1.90

Ankle I/E (º)

-16.9 ± 8.60

-07.5 ± 4.90

Foot ABD/ADD (º)

-15.7 ± 8.80

-03.3 ± 5.30

Knee F/E (º)

-73.1 ± 8.80

-73.2 ± 8.60

Knee ABD/ADD (º)

-13.1 ± 6.30

-13.2 ± 4.10

Tibial rotation (º)

-14.1 ± 7.30

-03.7 ± 9.20

Hip F/E (º)

-59.2 ± 12.5

53.5 ± 11.1

Hip ABD/ADD (º)

0-9.4 ± 5.40

-6.0 ± 4.30

Femoral rotation (º)

-16.4 ± 6.60

-15.3 ± 5.70

Trunk forward flexion (º)

0-7.4 ± 7.30

-10.6 ± 8.00

Trunk lateral flexion (º)

-0.74 ± 1.70

-1.6 ± 3.10

Trunk rotation (º)

0-1.0 ± 1.40

-0.4 ± 2.30

Ankle dorsiflexion velocity (º/s)

501.1 ± 102.1

480.6 ± 98.8

Trunk flexion velocity (º/s)

- 22.2 ± 31.0

-18.8 ± 38.0

DF/PF = dorsiflexion/plantar flexion, I/E = inversion/eversion, ABD/ADD = abduction/adduction, F/E =
flexion/extension. Positive values indicate ankle dorsiflexion, ankle inversion, foot adduction (toes
inward), knee flexion, knee adduction (knee varus), tibial internal rotation, hip flexion, hip adduction,
femoral internal rotation, trunk forward flexion, trunk lateral flexion to the right, and trunk rotation with
the left shoulder back.

Neuromuscular recruitment patterns during landing
No significant differences in neuromuscular recruitment onset time or time of peak
activation of the lower limb muscles relative to the time of the peak patellar tendon
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force were observed between the two participant groups (F(12,4) = 3.634, P = 0.112,
Wilk’s Λ = 0.084, partial η2 = 0.916; see Figure 8). The order of muscle recruitment
during the lateral stop-jump block movement was also consistent for both groups.
Patellar tendon loading
No significant between-skill level differences in patellar tendon loading were
observed (F(2,15) = 1.340, P = 0.291, Wilk’s Λ = 0.848, partial η2 = 0.152).
Compared to their skilled counterparts, highly skilled male volleyball players
generated similar peak patellar tendon force (5.40 ± 0.95 BW versus 5.54 ± 0.80
BW) and patellar tendon force loading rate (40.61 ± 11.27 BW/s versus 38.76 ±
12.25 BW/s) during landing.
DISCUSSION
Although highly skilled volleyball players typically record a greater prevalence of
patellar tendinopathy compared to their skilled counterparts (1), limited research has
investigated the relationship between skill level and patellar tendinopathy risk factors
in volleyball players. In fact, this is the first known study to compare patellar
tendinopathy risk factors and landing kinematics, neuromuscular recruitment
strategies, and patellar tendon loading generated during landing between highly
skilled and skilled volleyball players in an attempt to further understand the reason
for this injury discrepancy. As injury status influences many of these factors (5, 32)
we ensured participants in both groups were free from injury. Notwithstanding this
experimental control, there is sufficient evidence that the highly skilled group is up
to three times more likely to develop patellar tendinopathy. In contrast to our
hypotheses, no significant between-group differences in landing kinematics,
neuromuscular activation patterns, or patellar tendon loading were found.
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Figure 8: The onset of muscle activation (A) and the time of the peak muscle
activation, (B) (mean ± standard deviation) relative to the time of the peak patellar
tendon force (time 0) generated during landing by highly skilled (n = 9) and skilled
(n = 9) volleyball players. The shaded area represents timing (mean ± standard
deviation) of the initial foot-ground contact. A negative value indicates that the
muscle activation occurred prior to the time of the peak patellar tendon force.
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However, substantial differences were observed in some of the other outcome
variables, which might help explain the greater patellar tendinopathy prevalence in
highly skilled volleyball players, as discussed below.
Although not found to be statistically significant and with a high variability,
the highly skilled players attained a higher maximum vertical jump height by, on
average, 0.03 m compared to the skilled players. In the sport of volleyball, this 0.03
m increase in jump height is deemed functionally meaningful (33). In Chapter 3 it
was demonstrated that jump height is a critical factor in patellar tendon loading, and
male volleyball players with a greater maximal vertical jump ability are more likely
to develop patellar tendinopathy compared to players with a lower vertical jump (9).
Therefore, it is possible that an accumulation of repeatedly higher jump heights
contributes to the greater patellar tendinopathy prevalence evident in highly skilled
male volleyball players, although this requires further investigation. It remains
unknown, however, what jump height the volleyball players regularly attain during
training or competition. For this reason, it is recommended that future research
quantify these jump heights.
In support of our hypothesis, and consistent with previous research (4, 8), the
highly skilled participants were involved in a significantly and substantially greater
amount of total court training hours per week compared to the skilled athletes. In a
previous prospective study, 32% of highly skilled male volleyball players developed
patellar tendinopathy within a four-year period, particularly those players who
participated in more than 15 hours of court training per week (8). As patellar
tendinopathy is an insidious overuse knee injury and repetitive high loading of the
patellar tendon is considered causative for developing the injury (34), training
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volume is likely to account for a large proportion of the disparity in injury
prevalence between highly skilled and skilled volleyball players. However, further
research should quantify the training load and the magnitude of patellar tendon
loading of activities that are typically included in training sessions in order to
provide evidence upon which volleyball training programs can be structured to
reduce the risk of patellar tendinopathy.
The highly skilled participants in the present study displayed significantly
lower quadriceps muscle extensibility compared to their skilled counterparts,
although there was no difference in hamstring muscle extensibility. A prospective
study of 480 physical education students identified reduced quadriceps and
hamstring muscle extensibility as predisposing factors for developing patellar
tendinopathy (10). As the quadriceps muscles play a critical role in absorbing
impact forces during landing, it is speculated that lower quadriceps muscle
extensibility might decrease the capacity of the quadriceps muscles to dissipate the
landing forces, possibly leading to increased tendon strain (10). Chapter 2 found that
quadriceps muscle extensibility was not a significant predictor of patellar tendon
loading. However, in the present study we compared two groups with a substantial
discrepancy in injury prevalence and found that quadriceps muscle extensibility was
lower in highly skilled volleyball players. Therefore, we recommend that volleyball
players, particularly highly skilled players, undertake regular quadriceps muscle
extensibility exercises in order to enhance the functional capacity of their knee
extensor muscles.
Although it is believed that poor landing technique is related to the
development of patellar tendinopathy (5, 35), a paucity of studies have investigated
the biomechanics of the lateral stop-jump block movement. Unexpectedly, and in
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contrast to our hypothesis, there was no significant between-group difference in any
lower limb or trunk kinematics between the two participant groups (see Table 8).
Therefore, results of the current investigation suggest that factors other than landing
technique per se may better explain the injury prevalence discrepancy between
highly skilled and skilled volleyball players. In the current study, the final landing
of the lateral stop-jump block movement was analysed, although the landing prior to
performing the block also generates patellar tendon loading. For this reason, future
research should quantify the magnitude of patellar tendon loading for this ‘first’
landing movement.
Limited research has examined the neuromuscular recruitment strategies
displayed by highly skilled compared to skilled volleyball players, despite the critical
roles played by the lower limb muscles in attenuating the high impact forces
generated at foot-ground contact and maintaining joint stability during the landing
action (36). The large variability in the muscle onset data in the current study
suggests that healthy, uninjured highly skilled and skilled volleyball players utilise a
variety of lower limb muscle recruitment strategies when landing from a lateral stopjump block movement, and these recruitment patterns do not discriminate between
skill levels.

Chapter 4 demonstrated no significant correlation between the

neuromuscular recruitment strategies and the peak patellar tendon force generated
during landing by healthy volleyball players. For these reasons, we speculate that
this cohort have developed their own optimal neuromuscular recruitment patterns
during the lateral stop-jump block movement. As such, it is suggested that patellar
tendinopathy injury prevention programs should not attempt to alter the
neuromuscular recruitment strategies displayed by healthy, uninjured volleyball
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players and should focus on other aspects of volleyball landing, such as training
volume.
Study limitations
It is acknowledged that the limitations of the current study must be considered when
interpreting the results. Firstly, due to the strict participant inclusion criteria for the
highly skilled group, small participant numbers in each group may have masked
potential between-group differences in landing technique, potentially resulting in
Type II errors.

Additionally, the participants were required to self-report their

training history and future research should clearly document these variables. The net
knee joint moment was used when calculating the patellar tendon force, which may
underestimate the generated force. Furthermore, we used a two-dimensional model
to estimate patellar tendon force as a patellar tendon moment arm regression
equation suitable for dynamic landing tasks was unavailable. Finally, as this study
investigated the patellar tendinopathy risk factors at one point in time, future
research should prospectively monitor and compare the risk factors described above
in addition to other risk factors such as waist to hip ratio, leg length discrepancy, and
arch height of the foot (11) and its potential causal relationship with patellar
tendinopathy development. As this study compared the risk factors and landing
technique of highly skilled and skilled male volleyball players performing a lateral
stop-jump block movement, these results cannot be generalised to other volleyball
movements, to female volleyball players, or to participants from other sports.
PERSPECTIVES
Highly skilled volleyball players were found to participate in a higher training
volume and had less quadriceps muscle extensibility, although they displayed similar
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muscle strength, landing technique and patellar tendon loading when compared to
skilled volleyball players. As training volume has also previously been identified as
a risk factor for patellar tendinopathy, it was concluded that higher training volume
is likely one of the main underlying causal mechanisms for the greater patellar
tendinopathy prevalence in highly skilled volleyball players, particularly for those
players with limited quadriceps muscle extensibility, compared to their skilled
counterparts. Therefore, it is recommended that programs involving highly skilled
players closely monitor the volume of jumping and landing at each training session.
Interventions designed to modify landing frequency and improve quadriceps muscle
extensibility are recommended as possible strategies to reduce loading of the patellar
tendon generated during landing in volleyball players.
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Chapter 6
Summary, Conclusions, and Recommendations
SUMMARY
The most common overuse knee injury in sports that involve a high volume of
jumping and landing, such as volleyball, is patellar tendinopathy. Although several
risk factors have been associated with the development of patellar tendinopathy, it
remains poorly understood why the discrepancy in injury is larger among male
compared to female volleyball players, and among highly skilled compared to less
highly skilled volleyball players. For these reasons, the relationship between sex and
skill level and patellar tendon load generated during landing was investigated as
increased patellar tendon load may lead to increased patellar tendinopathy injury
risk. It is unknown, however, whether male and/or highly skilled volleyball players
generate greater patellar tendon loading during landing compared to their
counterparts, in turn contributing to their higher patellar tendinopathy incidence, or
whether other patellar tendinopathy risk factors differ between these groups.
Therefore, the primary purpose of this thesis was to determine the influence of sex
and skill level on patellar tendon loading generated when volleyball players land
from a lateral stop-jump block movement.
In order to achieve this aim, a cohort of 50 male and female volleyball
players of varying skill level underwent assessment of known risk factors for patellar
tendinopathy. This included biomechanical assessment of their landing technique
and the patellar tendon loading generated during landing.

Other patellar

tendinopathy risk factors assessed included the participants’ anthropometry, training
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history, lower limb muscle strength and extensibility, and their maximum vertical
jump performance.

Outcome variables characterising each participant’s landing

technique included their three-dimensional trunk and lower limb kinematics and
kinetics, and the neuromuscular recruitment patterns from six lower limb muscles as
they landed onto a force platform while performing a lateral stop-jump block
movement. These biomechanical parameters enabled calculation of the variables
characterising patellar tendon loading generated during movement, namely peak
patellar tendon force and patellar tendon force loading rate.
Whether the peak patellar tendon force or the patellar tendon force loading
rate generated when landing from a lateral stop-jump block movement could be
predicted by risk factors previously associated with the development of patellar
tendinopathy and selected variables characterising landing technique was firstly
investigated in Chapter 2. Sex, skill level, quadriceps muscle strength, quadriceps
muscle extensibility and trunk moment of inertia, as well as hip and trunk angle at
the time of the peak patellar tendon force, and average ankle, hip, and trunk angular
velocity were selected as possible predictive variables. It was hypothesised that
patellar tendon loading would be predicted by male sex, a high skill level, high
quadriceps muscle strength, low quadriceps muscle extensibility, and poor lower
limb and trunk biomechanics. The interaction of sex, quadriceps muscle strength,
ankle dorsiflexion velocity, and trunk flexion velocity were able to estimate and
predict 52% of the peak patellar tendon force and 70% of the patellar tendon force
loading rate variance generated when participants landed from the lateral stop-jump
block movement. In partial agreement with the hypothesis, results of this study
revealed that male volleyball players with greater quadriceps muscle strength, who
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displayed increased ankle dorsiflexion velocity and trunk flexion velocity during
landing, were predicted to generate higher patellar tendon loading. Based on this
finding, the following chapters further investigated why being male was found to be
a significant predictor of patellar tendon loading, and why a high skill level was not a
predictor, despite the large discrepancy in patellar tendinopathy prevalence between
highly skilled and skilled players.
To further explore the influence of sex on patellar tendon loading during
landing, the landing kinematics and patellar tendon loading generated by a subgroup
of male and female volleyball players who were participants in Chapter 2 were
further analysed in Chapter 3. The data in this study were grouped three different
ways for analyses to account for any between-sex differences in landing technique
attributed to differences in either jump height or anthropometry. It was hypothesised
that male volleyball players would display differences in landing technique and
would generate higher patellar tendon loading when landing from a lateral stop-jump
block movement than their female counterparts. The results of this study identified
that male volleyball players were taller and heavier, landed from a higher height,
displayed differences in landing kinematics and generated higher patellar tendon
loading than female players when 20 male and 20 female participants in the study
were compared. In agreement with the hypothesis, small between-sex differences in
lower limb kinematics were observed for all comparisons. However, in contrast to
the hypothesis, when players were matched for jump height no difference in patellar
tendon loading was observed, although differences in lower limb kinematics were
still evident. These results indicated that the between-sex lower limb kinematic
differences were unable to explain the difference in patellar tendon loading between
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male and female volleyball players when the participants landed from a lateral stopjump block movement. The findings from Chapter 3 identified jump height as the
critical factor in patellar tendon loading when landing from a lateral stop-jump block
movement. That is, the between-sex disparity in patellar tendinopathy prevalence
might simply be due to male players landing from higher jumps than their female
counterparts rather than any other sex-related difference in landing technique. For
this reason, practitioners who design injury prevention programs should be aware
that those male and female volleyball players who display a higher jump height
ability might be exposed to an increased risk of developing patellar tendinopathy due
to the high forces that their patellar tendon is repeatedly exposed to during lateral
stop-jump block movements.
After investigating sex-specific characteristics of the participants’ landing
kinematics, the relationship between neuromuscular recruitment patterns utilised
during landing by these male and female volleyball players and patellar tendon
loading were examined in Chapter 4. Specifically, the purpose of Chapter 4 was
two-fold: (i) to investigate the relationship between neuromuscular recruitment
patterns of six key lower limb muscles and patellar tendon loading generated when
landing from a lateral stop-jump block movement, and (ii) to determine whether
there were any significant differences in the lower limb neuromuscular recruitment
patterns displayed by male and female volleyball players during landing. Based on
previous research, it was hypothesised that: (i) earlier quadriceps muscle onset would
be related to higher patellar tendon loading, and (ii) there would be no difference in
muscle onset and peak activation between male and female volleyball players. In
agreement with Hypothesis (i), weak positive correlations were revealed, indicating
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earlier quadriceps and hamstrings muscles onset were related to high patellar tendon
force loading rate. However, in disagreement with Hypothesis (ii), when participants
were matched for jump height, significant between-sex differences in neuromuscular
recruitment patterns were evident whereby male participants displayed earlier
semitendinosus and biceps femoris muscle onset compared to their female
counterparts, although no difference in patellar tendon loading was observed. These
differences in lower limb neuromuscular recruitment patterns likely explain the
between-sex differences in lower limb kinematics during landing that were observed
in Chapter 3. The results of this study indicated that although male and female
volleyball players displayed significantly different muscle onset times, these patterns
were not strongly related to the patellar tendon loading generated during landing.
Based on the results of this chapter it is speculated that healthy, uninjured volleyball
players might adopt their own individual neuromuscular recruitment strategies,
which are specific to their lateral stop-jump block landing technique. Furthermore, it
is likely that a multitude of factors, including the frequency of patellar tendon
loading and jump height, more strongly contribute to the between-sex discrepancy
in, and development of patellar tendinopathy than the neuromuscular recruitment
patterns utilised.
Although skill level was not found to be a significant predictor of patellar
tendon loading in Chapter 2, highly skilled athletes are up to three times more likely
to develop patellar tendinopathy than their skilled counterparts. For this reason, the
purpose of Chapter 5 was to determine whether previously identified patellar
tendinopathy risk factors (i.e. maximum vertical jump, training volume, muscle
extensibility, quadriceps muscle strength, landing technique and patellar tendon
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loading when landing from a volleyball-specific movement) differed between highly
skilled and skilled male volleyball players. Based on previous research, it was
hypothesised that highly skilled volleyball players would have a higher vertical
jump, participate in a higher training volume, have greater quadriceps muscle
strength, less quadriceps and hamstring muscle extensibility, increased ankle
dorsiflexion and trunk flexion velocity, and generate greater patellar tendon loading
during landing compared to their skilled counterparts. Results of the study identified
that the highly skilled players participated in a higher training volume and had less
quadriceps muscle extensibility than the skilled players. However, in contrast to the
hypothesis no between-skill level differences were observed in maximum vertical
jump, quadriceps muscle strength, landing kinematics, neuromuscular recruitment
patterns, or patellar tendon loading. These results highlight that, as highly skilled
volleyball players do not generate greater patellar tendon loading during landing than
their lesser skilled counterparts, higher training volume is likely one of the main
underlying causal mechanisms for the greater patellar tendinopathy prevalence in
highly skilled volleyball players.
CONCLUSIONS
Patellar tendon loading generated when landing from a lateral stop-jump block
movement was not influenced merely by sex or skill level. By quantifying the
patellar tendon loading of male and female volleyball players during a lateral stopjump block movement, it was revealed that male volleyball players generated greater
patellar tendon loading as a result of the higher jump heights they attained, on
average, compared to the female volleyball players. It is speculated that consistently
generating higher patellar tendon loading by the male volleyball players, and their
female counterparts who have the ability to attain similar high jump heights, is likely
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to increase the susceptibility of these players to developing patellar tendinopathy.
Furthermore, skill level did not influence the magnitude of patellar tendon loading
during landing, suggesting that the discrepancy in patellar tendinopathy prevalence
between the highly skilled and skilled players is due to the high training volume that
highly skilled players are exposed to. Based on the findings of this thesis, it is
recommended that injury prevention programs aimed at reducing the prevalence of
patellar tendinopathy in volleyball players should focus on monitoring each player’s
jump height and landing training volume, especially for highly skilled, male
volleyball players who perform many jumps across frequent training sessions.
RECOMMENDATIONS FOR INJURY PREVENTION PROGRAMS
It is acknowledged that this thesis did not study injured athletes, protocols to assist
injury prevention, or the return to training from injury. However, based on the results
of this thesis, the following recommendations are made for designing evidence-based
injury prevention programs:
!

It would be inappropriate and unrealistic to advocate that highly skilled
volleyball players reduce their jump height in an attempt to decrease patellar
tendon loading. Instead, it is recommended that volleyball programs closely
monitor the volume of jumping and landing at each training session,
particularly for those athletes with a high jump height capability.
Interventions designed to modify landing frequency are recommended as a
possible strategy to reduce loading of the patellar tendon generated during
landing in volleyball players.

!

Although between-sex differences in neuromuscular recruitment patterns
were observed, there is no evidence to advocate injury prevention programs
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to alter the neuromuscular recruitment strategies displayed by healthy,
uninjured volleyball players.

It is speculated that individual volleyball

players should be able to self-select their own neuromuscular recruitment
patterns, although good landing technique is always important and should be
developed and monitored.
!

For all volleyball players, but particularly for highly skilled volleyball
players, interventions designed to improve quadriceps muscle extensibility
and exercises to enhance the functional capacity of the knee extensor muscles
are recommended as a possible strategy to reduce loading of the patellar
tendon generated during landing.

RECOMMENDATIONS FOR FUTURE RESEARCH
Based on the results of this thesis, the following recommendations are made for
future research:
!

Recent evidence has emerged suggesting that tendon load accumulation may
be important in the development of tendinopathies. For this reason, it is
suggested that the load accumulation over years of playing be monitored in
relation to the development of patellar tendinopathy.

!

As male volleyball players with superior eccentric strength may increase the
load placed upon the patellar tendon when landing from a lateral stop-jump
block movement, further research should investigate whether there are any
technique modifications that players with greater eccentric quadriceps muscle
strength could employ to reduce patellar tendon force generated during
landing. This research should keep in context the requirement of volleyball
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players to repeatedly jump, and often in quick succession, using movement
patterns that require high eccentric strength.
!

As factors such as hormones and the morphology and material properties of
the patellar tendon are likely to influence stress in the patellar tendon, future
research should investigate how these factors affect the development of
patellar tendinopathy.

!

This thesis focused on the lateral stop-jump block movement due to the high
prevalence of patellar tendinopathy in volleyball payers who regularly
perform this movement.

It remains unknown, however, whether similar

findings exist in other volleyball-specific jump landing movements such as
the forward-moving spike jump or the cross-over block movement. For this
reason, it is recommended that patellar tendon loading of these movements be
quantified and compared in male versus female volleyball players, and highly
skilled versus skilled volleyball players.
!

The experimental movement in the current study was an anticipated
movement. It is recommended that future studies should investigate the
landing kinematics and neuromuscular recruitment patterns of unanticipated
lateral stop-jump block movements, as is required during a competition
setting.

!

Jump height was identified as a critical factor contributing to patellar tendon
loading when performing volleyball-specific movements in a laboratory
setting. It is recommended that future research quantify the jump heights that
volleyball players regularly attain during training and competition.

!

Although training volume has been identified as a large contributor to
patellar tendinopathy, it remains unknown how the structure of each training
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session (e.g. the time spent in defensive block training versus spike training)
affects patellar tendon loading.

For this reason, future research should

examine the relationship between training structure and patellar tendinopathy
prevalence.

This would provide further evidence upon which volleyball

training programs can be structured to reduce the risk of patellar
tendinopathy.
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Appendix 1 - Volleyball Playing and Training History
Name -

Date of Birth -

Court Position -

Playing Level -

Dominant Hand -

Dominant Leg -

How many years have you played volleyball?
How many volleyball training sessions and games do
you play per week?
How many hours is each training session?
How many hours of weight training do you do per
week?
How many hours of jump training (plyometrics) do
you do per week?
How many minutes do you spend stretching during
the warm-up?
How many minutes do you spend stretching after
training?
What surface do you play on? (ie. cement, linoleum,
parquet, sand)
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‘Man is made with many bones for the sake of motion…are given a patella so that
the knee joint should not be able to extend forward to an unstable angle...’
Andreas Vesalius (1514-1564), De humani corporis fabrica
Flemish anatomist, physician, author of the most influential book on human
anatomy, and the namesake of my primary school in Belgium
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